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I3. i Introduction

Rotor dynamic behavior depends considerably on how much the specific physical
phenomena accompanying rotor rubbing against the stator are involved. One of the factors
which might represent a measure of severity of rub is the time of the rotor and stator

physical contact, as a fraction of the rotor precessionsl period. In this chapter this problem
is outlined.

13.2 Rotor-to-Stator Rub Contact Experiments

A series of tests of rubbing rotor was performed on the two-mode rotor rig. The
rotor/st8,tor contact was carefully measured and correlated with the rotor vibrational
response.

13.2.1 Rub Contact Time Ve,'sus Rotative Speed Test Conditions

The two-mode rubbing rotor rig is used for this series of tests. The system consists of a
horizontal two-disk rotor supported at each end by a relatively rigid bronze sleeve-type

bearing (Oilite) (Fig. 9.2). A one--half horsepower AC motor drives the rotor through a
flexible coupling. When observed from the motor end of the shaft, rotation is in the
clockw/se direction.

The compliant rub fixture, also used in the previous experiments, is mounted between the

two rotor disks (Fig. 9.3). The X-Y displacement probes providing the shaft radial
displacement data are mounted next to the outboard disk. The rub fixture plunger can
move in the horizontal direction perpendicular to the rotor axis. The plunger motion is
observed by another displacement probe. Plunger motion data is then correlated with the

rub contact timing signal in a timebase format. A Keyphasor probe mounted vertically at
the motor end of the system provides the once-per-turn reference signal from which all

phase angles are measured in the direction against rotation. The shaft observing vertical
and horizontal displacement probes are installed at 0 and 270 degrees respectively. For
this entire series of experiments the plunger mechanism preload is constant, and equals
3.34 lb. The rub block material is aluminum.

13.2.2 Test Procedure and Transient Test Data

, 1:

i

L

A controlled unbalance force inserted at the rotor inboard disk is used to generate the
required level of synchronous vibration needed to investigate the relationship between

rotor-to--stator rub contact time (dwelling time) and rotor rotative speed. Rotor speeds
range from 1200 rpm to 4350 rpm passing through the rotor first and second balance

resonances at approximately 1570 rpm and 4020 rpm respectively. It should be noted that
these speeds represent the rotors first and second balance resonances under normal
operating conditions without rub.

The unbalance mass employed for this series of experiments is 2.0 grams at 180 degrees
(rela_ve to the Keyphasor notch) and located at the inboard disk at a radius of 1.2 inches.

This relatively high mass unbalance is needed to generate the desired rub condition over

the operational speed range. For reference, transient data in Bod4 plot format is presented
r both b.alanced and unbalanced (controlled unbalance) states (Figures 13.1 to 13.4).

ransient data indicates maximum vibration amplitudes through both the first and second
bal,_nce resonances of approximately 4.0 and 28.0 mils for balanced and unbalanced states
respectively. Slow roll amplitudes have been maintained at less than .5 mils at all times.
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A set of Bod_ plots (Figures 13.5 and 13.6) as well as spectrum cascade plots (Figures 13.7
and 13 8) of the rotor response dunng rotor te--stator rub are also yen• ,, . " -' - gi . As compared
w_th the no rub" case (Figures 13.1 to 13.4) the occurrence of rub modified th_ rotor
responses. _;igure 13.9 presents the numerical.values for the rotor-to--stator rub contact

time and corresponding elapsed shaft rotation for each chosen operating speed. Figure
13.10 presents the data from Figure 13.9 graphically.

13.2.3 Steady-State Test Results

Steady state data (at constant rotative speed) of the rotor vibrational response is captured

r each chosen rotative speed and presented in both lx filtered (synchronous) and
unfiltered orbit/timebase formats (Figures 13.11 to 13.84).

The vertical and horizontal timebase data used to generate each orbit is presented in a
format to simplify graphical reconstruction of the orbit. Vertical timebase data is seen to

the right of each orbit while horizontal timebase data is seen below. The scaling of each
data type (orbit or timebase) plot is arbitrarily selected, again for purposes of presentation.
Absolute amplitude scaling for each pair of timebase data used to generate the associated
orbit will be the same whereas the amplitude scaling for each orbit must be read
specifically from each graph.

In addition, the rub plunger motion (compliant stator--simulating boundary mechanism)
and the associated rub-_enerated electrical contact signal are presented below the vertical

timebase data. It is important to understand that the electrical contact signal may be
generated by rub at any point over the rub clock's 180--degrees half--circle surface.

Therefore, this signal does not have an angular reference fixed to a specific probe location,
as is the case with the vertical and horizontal displacement probes. To determine where

rub occurs from an orbit alone may be difficult. It is necessary to establish when a rub

occurred in the time domain to determine the corresponding rub location on each given
orbit. Together with the vertical and horizontal vibration data, rub phase information
may be obtained. Of interest are the phase angles at which a rub condition initiates and
terminates, related to the phase angles of the rotor's heavy and high spots.

13.2.4 Discussion on Results From Rub Test

Precessional motion of the rotor given in terms of the 1× filtered orbits represents rotor
vibrations due to the controlled unbalance. The steady-state unfiltered orbits clearly
indicate modification of the "normal" vibration response of the rotor due to rub. When the

occurrence of rub is essentially a "clean" once--per-turn event and the rotor-to--stator
contact is light, the resulting unfiltered orbit is still close to circular. In fact, some of the

unfiltered orbits are so perfectly circular that a rub condition, although cleanly indicated
by the electrical contact signal, is not obvious. The "circular" shape of the orbit is an

indication of the rotor system's highly symmetrical characteristics, specifically, orthogonal
stiffnesses in the vertical and horizontal directions. The "system's" stiffnesses include the
rotor as well as the associated bearings and support stiffnesses.

Given the time scale on each electrical contact signal timebase plot, the shaft dwelling time
during rub is graphically obtained for each rotative speed. The amount of shaft rotation
during the period of contact for each chosen rotative speed is then calculated. A tabular
listing of this information is given in Figure 13.9. Further inspection of this data indicates

local maxima of rub contact time corresponding to the rotor modified first, twice first, and
second resonant frequencies.

The rotor/stator contact values are presented in the form of the angle _ which is defined as

"the amount of shaft revolutions encountered while the shaft is in contact with the rub

02280 528
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block for each specific operating speed." The angle fl is plotted versus-shaft rotative speed

(rpm) (Figure 13.10a). The data from Figure 13.9 generates a curve similar in shape to
that of a rotor vibrational response amplitude due to unbalance during run-up. The lx

response amplitude is overlayed on the graph. Over the range ofoperating speeds for this
experiment, the rotor would normally (operation without rub-) experience only two distinc,
resonances (Figures 13.3 and 13.4); however, Figure 13.10 indicates three peaks of the angle

_. Thepeaks at 1820 and 4105 rpm correspond to the rotor's (modified by rub) first and
secona oa_ance resonance _requencies respectively, the peak at 3610 rpm occurs due to the

rub-induced excitation. Note that the. speed at which this occm's (3610 rpm) is
approximately twice that of the system's modified first balance resonance (1820 rpm). The
data between 3400 and 3800 rpm is somewhat inconsistent due to the excitation of the first
balance resonance.

The rotor-to--stator contact arc related to the generalized 360 degree period of
fundamental lx response 7ersus rotative speed is presented in Figure 13.10b. The bottoms
of the contact arc lines correspond to rub inception, the tops correspond to rub cessation.

The lx vertical phase is overlayed on the graph. As the resonant range of rotative speeds
rub occurs twice per period. The rub inception somewhat follows the lx response phase.

It is apparent that the phenomena of rub during machine operation modify the system's
natural frequencies as well as the dynamic motion.of the rotor. Strong subsynchronous

rub-related vibration components are generated. They have frequencies of predominantly
1/2 running speed (1/2x) when rotative speed is at and above twice the first balance

resonance. Super--synchronous components, including two and three times running speed
(2x, 3x), are also present though much l_ss pronounced (Figures 13.7 and 13.8).

During rub, the obstacle encountered acts like an additional bearing Or support, thus
momentarily increasing the observed dynamic stiffness of the system. A comparison of the

pure unbalanced rotor response Bod6 plots (Figures 13.3 and 13.4) with those during rub
(Figures 13.5 and 13.6) clearly indicates that resonance occurs at higher..frequencies as a
result of the rub-induced system stiffening effect.

The motion of the rotor is modified by rub as indicated by the unfiltered orbits. The

orbit's deviation from a pure circular or elliptical shape caused by the rubbing shows a rich
variety, and is rotative speed dependent. The rotor rebounding motion proved to be
dependent not only on the position of the rotor unbalance, but also the compliance of the
stator against which rub occurs, thus the time that the rotor spends in contact with the

stator depends on several conditions. The rub contact time data generated indicates that
changes in the dwelling time closely follow the nature of the rotor vibration response
amplitudes and phases.

13.3 Rub Contact Analytical Study

It is believed that the "dwelling time," i.e., the time of the rotor-to-stationary part

contact and the following changes in the rotor vibration responses.may be used as the
diagnostic information for determination of the severity of rub (l_ef. [4], Section 2.10). In
this section a simplified model of the phenomenon is discussed.

Assuming that ',ring the rotor normal operation its lateral vibrational response is
harmonic, the oct., ._nce of the rotor-to--stationary part contact causes a truncation of the

harmonic wave, as aeasured by one lateral probe (Fig. 13.85). The truncated wave f(t)

with the period -_ where w [_.d.] is rotor precessional frequency has the following functional

form in between one period time:
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! = B coswtofor0 < t< to
f(t)= cos_ for to<t <---2_r to (13.1)

2_r 2_r
= B cos wto for "D-- to < t < -_-.

where 2to is rotor total dwelling time (maintaining contact with the stationary part) per
one period of vibration. Applying the Fourier transformation, this function can be
pre_ented as follows:

f(t)= + z aVcos (13.2)
_-1

w

- - f(t)cos u_ dt, u-- 0,1,2,.. (13.3)a •

o

where

Introducing (13.1) into (13.3), the amplitudes of the static displacement and harmonics are
obtained:

2B (_o cos _o - sin _to)ao = --_--

(13.4)B (sin2_o + 27r- 2_o)
al "- _-

B (sin3_to - 3 sin _o)
a2 -" _r-_

[1 1 ]_sin (u+1)_o- sin (u--l)_o
B

a -'--
// btT_

thus, it is indirectly responsible forAll amplitudes depend on the "dwelling time" to,
modifications of the rotor vibrational responses.

The time to can be expressed in terms of the arc _o of the rotor precessional motion, as
follows:

? [deg] (=3.5)= 12_ [Hz]_r _ [ deg]to [see] = 360 w rad/s]

[deg] .
to [min] = 720 _ [rpmj

s

I

.!

t

i

where in brackets the corresponding units are given.
amplitudes become expressed in terms of the axc _:

Introducing Eq. (13.5) into (13.4) the t
I
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a0 = --_---

(13.6)

= sin G,+I) (v-l) (13.7)

The arc _, = 360" theoretically corresponds to the full annular rub. Practically the model

is valid only for _o < 180". In this range the static displacement, as well as harmonic
amplitudes a2, as are negative, while the first harmonic amplitude a_ is positive. This

means that the second and third harmonics are 180" out of phase of the first one.

• The amphtudes of the first four components of (13.2) and the amphtude ratios versus angle
are illustrated in Fig. 13.86.

The model of rub-related straight truncation of the rotor lateral response wave form is
very simplified, and only roughly qualitatively can describe the rub phenomena. The
results of a series of experiments described in the next section contest the use of this model.

13.4 Experimental Results On The Second Harmonic Generation Versus Rubbing
Rotor/Stator Contact

The same two--mode rotor rig, as described in Section 13.2 was used for this series of
experiments. The rubbing rotor vibrational data from the rotative speed range 1260 to
2920 rpm was reduced, and in particular, the second harmonics (2x) of the vibrational
responses were extracted (Figs 13.87 to 13.103). Presented along with the fundamental

term (ix) and the rotor/stator contact time gives an idea on how much the rub affects the
t second harmonics. The summary of results is given in Table 13.1 and in Fig. 13.104. The
I . experimental results in Fig 13.104 are presented together with the theoretical curve of 2x to

_ lx response component amplitude ratio, discussed in the previous section. Highly scattered
experimental points hardly follow the theoretical curve. The results look rather chaotic.

I Plotted versus rotative speed the 2x to lx response component amplitude ratio (Fig.

_- 13.105) exhibits clear increase of 2x component at first balance resonance speed and at

about 2300 rpm. The latter speed is a half of the second resonance. At tiffs speed the
t

resonance of 2x component occurs independently of rub mechanism. This resonance occurs

!_ I. due to the rotor lateral asymmetry together with the radial preload (due to gravity in the
considered case). The dramatic phase change of the 2x component causing 2x orbit to flip

over from reverse to forward direction confirms that the 2x horizontal then vertical.. resonances occur in a short span of the rotative speed LFigs. 13.100 to 13.103).

]_ The increase of 2x to lx vibration amplitude component ratio at the first balance resonance

i is obvious. However, in this case there also exist two sources contributing to that increase.
!
_ At high lx amplitudes the system stiffness nonlinearity becomes significant, and causes the

2x component to occur. More severe rub around the lx resonant speed, as a result of
I higher rotor/stator normal force (see Section 11.3) also contributes to the 2x component

i L growth. It was difficult, however, to separate all these effects in the vibrational response. :

#
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The 2x to lx amplitude ratio looks uncorrelated from the rotor/stator contact arc.

Especially puzzling are results in the range of rotative speeds between 1800 and 2000 rpm
(Fig. 13.105). In spite of relatively long time rubbing contact, the amplitude ratio remains
very low.

TABLE 13.1 Synchronous and Second Harmonic Vibration
Response Versus Rotor/Stator Contact Arc

Synchro-
nous

vIx)
ertical

Ampli-
tude

imils]

2.8
3.1
4.1
5.8
8.3

10.4
11.9
12.3
17.1

8.8
5.7

5
4.2
1.1
2.6

2.4
2.6

•2x

IIori-

zontal

Ampli-
tude

[mils]

0.2
0.3
0.2
0.07
0.37
0.9
3.2
4.1
4.7
0.5
0.4

0.7
3.7
1.9
1.3
0.2

0.19

2x

Ver-
tical

Ampli-
tude

[mils]

0.2
0.2
0.1
0.1
0.1
0.4
1.5
1.9
2.4
0.3
0.4

0.3
1.9
1.9
1.1
0.1

0.13

Hori-

zontal

ix to
2x

Ampli-
tude

Ratio

0.09
0.12
0.06
0.02
0.07
0.14
0.62
0.72
0.52
0.13
0.16

0.32
0.58
0.29
0.1'9

0.06
0.07

Vertical
lx to 2x

Ampli-
tude

Ratio

0.07
0.06
0.02
0.02
0.01
0.04
0.13
0.15
0.14
0.03
0.07
0.06
0.45
1.73
0.42
0.04

0.05

Rub

time

to Ix
Vibra-
tion
Period

Ratio,
At

0.13
0.16
0.14
0.31

0.54
0.5
0.48
0.48
0.5
0.64
0.68
0.68
0.46

0.53
0.38
0.6
0.72

Contact

arc

_--At _360

[Degrees]

48.5"
50"
50"

112'
194.5"

180'
173"
173'
180'
230'
245'
245'
166"
191'

137"
216'
259"

I,

Rota- Synchro---
tive nous

Speed _?i-

zontal

Ampli-
tude

[rpm] [mils]

1262 2.3
1302 2.5
1345 3.1
1404 4.2
1456 5.5
1500 6.6
1593 5.2
1646 5.7
1736 9.1
1834 3.9

1933 2.5
1975 2.2
2059 6.4

2292 6.5
2442 6.9

2737 3.1
2917 2.9

The range of the rotative speeds for which this test was performed was limited to the value
of twice first balance resonance speed. For higher speeds the rotor-to--stator rub __enerates
1/2x vibration component, thus the second harmonic of the fundamental 1/2x f_equenc.y
becomes lx, and is difficult to separate from the unbalance-related response.

13.5 Summar£

The study on the rotor-to-statpr rub contact as a factor correlated to the severity of rub is
outlined in this chapter. When there is no additional radial preload on the shaft the
contact time follows the values of the vibration amplitudes of the fundamental component.

Thus, at re_onant speeds, the rotor-to-stator contact is longer than in non-resonant
ranges of rotative speeds. The second harmonic component exhibits also an increase in the
lx resonant range. The judgment on severity of rub based on the 2x to lx amplitude ratio
seems however inappropriate. The experimental results show widely scattered and rather
chaotic data.
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SHAFT

RPM
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4.54

4.76

6.89

8.69

4.76

3.84

3.07

2.40

2.40

1.78

2.63

1 92 --

2 5O

1 61

3 9O

3 96

3 96

4.46

4.46

5.55
5.55

7.35

8.33

ii.i0

4.8O

5.90

5.95

4.70

5.20

4.46

4.46

9.25
4.46

4.80

--Cw tr/6O ) 10-3

S FT R VOLUTiONS
DURINGRUB

•3263

•3522

•3920

.3718

•2990

•3067

•4340

•5310

•2800

•2080

.1600

.1240

•1220

•0860

.1247

.0869

.Ii00

•0670
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.1550 ...

.1500

.164o
•1640
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•1870

.2415

•2680

.3380

•1420

•1690

.1630

•1200

•1300

•1082

•1040

•2060

.0968

.I010

mB

FIGURE 13.9 TABULAR LISTINGS OF DATA USED TO GENERATE FIGURE
13.10. TABLE LISTS CONTACT TIME DURING RUB AND THE
COILKESPONDING SHAFT ORBITING ARC DURING CONTACT
FOR EACH GIVEN SHAFT SPEED.
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FIGURE 13.11 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 4.80 ms. SHAFT
REVOLUTIONS DURING RUB CONTACT - .I010 ROTATIONS.
3.34 LB. PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS, 180
DEGB.EES, RADIUS 1.2 INCHES AT THE INBOARD DISK,
UNFILTERED ix RUB. I%OTATIVE SPEED: 12_0 I%PM.
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FIGURE 13.12 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD.

UNBALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 125B RPM.-,i
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FIGURE 13.13 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT REVOLU-

TIONS DURING RUB CONTACT = .0968 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED ix RUB. ROTATIVE SPEED:
1299 RPM.
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FIGURE 13.14
STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. FI-
LTERED Ix RUB. ROTATIVE SPEED: 1299 RPM.
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FIGURE 13.15 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 9.25 ms. SHAFT REVOLU-

TIONS DURING RUB CONTACT = .20_0 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,

RADIUS 1.2 INCHES. UNFILTERED Ix RUB. ROTATIVE SPEED:

1340 RPM.
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FIGURE 13.i6 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-

BALANCE: 2.0 GRAMS., 180 DEGRF'_S, I_,DIUS 1.2 INCHES,

FILTERED ix RUB. ROTATIVE ,qPEED: 1340 RPM. l; 1
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FIGURE 13.17 STEADY--STATE ORBIT AND T!MEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT REVOLU-
TIONS DURING RUB CONTACT = .1040 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED 1x RUB. ROTATIVE SPEED:
140_ RPM.
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FIGURE 13.18 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBIL_,TIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-"
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 12 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 1406 RPM.
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I , MOTION. RUB CON'rACT TIME: 4.40 ms. SHAFT REVOLU-
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FIGUILE 13.20 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED 1x RUB. ROTATIVE SPEED: 1457 RPM.
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L FIGURE 13.21
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STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 5.20 ms. SHAFT REVOLU-
TIONS DURING RUB CONTACT = .1300 ROTATIONS. 3.34 LB.
PLUNGER PRELOAD. UNBALANCE: 2.0GRAMS., 180 DEGREES,
RADIUS 1.2INCHES. UNFILTERED lx RUB. ROTATIVE SPEED:
1505 B,PM.
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FIGURE 13.22 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-

BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED i× RUB. ROTATIVE SPEED: _506 RPM.

554
! ,

/.



11

L .

L.

,1

_VADA
=LANT EO: B.R.D.2.C
TRA;TN [O: NASA RII8 RIG
m_CHZ,_E '-'9: RUB ORBITS

=RCBE al :a: _3UTBRD UERT OIS
.JNFILTERED

RROBE t2 [O: QUTBRO HOR OISP
uNFILTERED

ROTATION: CW
RPM(START)- !580 RPM(END)-

lip

I

I
L

........ ,- r

ORIGINAL PAGE IS

OF POOR QUALITY

0RIE_ITArr0N- 90 DEG
mAX AMP- 30.40 MILS PK-PK

ORIENTATION- 0 OEG
MAX AMP- 14.60 MILS PK-PK

1579

: iF ", ," "i

I'

PROBE #3

i' ,,,

?- , __ .............. .._.________
I
I

ee,,PS¢$:ILI_.",_B mII__,O[V TT,i_ -=.CRLE- ."'i.C_a _-'_C.,,I_V

.......... J

'_-- NO CONTACT

i_ ! j ' [_.] -'-_%'_- _,I _ _" "CONTACT

PROBE #4 r_ sc_E: .'_._ _c,,n_v

BROBP #3 iO: RUB PLUNGER [_i8RD
dNFILTERE0

PROBE #4 iO: _LEC "_
UNF[L?ERE_

ROTATION: C_

RPM(S_ART), '5_ RP"(_ID} - '585

MAX AM o- _ 90 _I_S _K-_K

0RIE_IrAT_0N- ,]DEO

_AX AMP- _0.a0 _ILS PK-_K

I
FIGURE 13.23 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 4.70 ms. SHAFT REVOLU-
TIONS DURING RUB CONTACT = .1200 ROTATIONS. 3.34 LB.
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED 1x RUB. _OTATIVE SPEED:
1579 RPM.
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FIGURE 13.24 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 1580 RPM.
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FIGURE 13.25 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 5.95 ms. SHAFT REVOLU-
TIONS DURING RUB CONTACT = .1630 ROTATIONS. 3.34 LB.

PLUNGER PREI, OAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIYE SPEED:
1646 RPM.
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FIGURE 13.26 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBIR.ATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED ix RUB. ROTATIVE SPEED: 1646 RPM.

5S8

"i



L;

/

ii
i •

_EHTLY _LANr _D: B.R.D.R.C

NEVADA TRAIN !D: NASA RuB RIG
,:SRP, _ACHrNE [D: RUB ORBITS

ORIGrNAL PAGE IS
OF POOR QUALITy

I il_ I

i l
! I

i • I
l

[l . . • 1 ,

!

I

o

ilIVII =;;;;;

IIIN I
• lilfkl

FFIHg
lllllllllll_l

!llllllil;_ll

!ll N I
illl_l
IIIII_

illlli
i!!l!t!

ifiIII

Iltgll

I|

ill_ll

iilI_l
IIIIAI

;11_11

PROBE Pl

SCRL£= 5.ee _ILS,,01"V •rII,_ SCR_- Z*J._ M_I:C/IIZV

I .

_M_ _CPCJ{- _._DB MILS. OP_ TDe£ =-,CPJ.E,_ :.:_.3_ Mc.EC'n_V

; ' ......,. , .@._J 'll r- -
[- ,. _'_ _,..; _.,..,_,._

--_NO CONTACT .

_CONTACT

PROBE #4

PROBE #3 [D: RUB °LU_IGER ::i_'RO
UNFiL'ERE_

PROB£ #4 ID: ELEC ::O,"ITACT.':iSRO
UNFILTERE[,

40 TA [ ,'.Ol'i: C.;,l
Rp_!( ,-.._,ART)- '"',. ;p'w(c_lOI.

.'RIE.;'iTATION- ,) DEG
MAX AMP- 0.00 Mh.S PV-Pk

CRIENFAT!ON- ,3OEG
MAX AMP- '•0._0 YI-$ PY-_K

FIGURE 13.27 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 5.90 ms. SHAFT REVOLU-
TIONS DURING RUB CONTACT = .1690 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED:
1711 RPM.
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FIGURE 13.28 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED lx RUB. ROTATIVE SPEED: 1715 RPM.
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FIGURE 12.29 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 4.80 ms. SHAFT REVOLU-

TIONS DUllING RUB CONTACT = .1420 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED ix RUB. ROTATIVE SPEED:
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STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED 1x RUB. ROTATIVE SPEED: 1784 RPM,
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FIGURE 13.31 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: II.I0 ms. SHAFT REVOLU-

TIONS DUllING RUB CONTACT = .3380 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED ix RUB. ROTATIVE SPEED:

1835 RPM,
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FIGURE 13.32 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2,0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FIIi.TEI_ED lx i_UB. ROTATIVE SPEED: 1834 RPM.
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MOTION. RUB CONTACT TIME: 8.33 ms. SHAFT REVOLU-
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PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
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FIGUI%E 13.34 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-

BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED Ix P.UB. ROTATIVE SPEED: 1930 RPM.
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STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 7.35 ms. SHAFT REVOLU-
TIONS DU_92NG RUB CONTACT = .2415 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED:
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STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 5.55 ms. SHAFT REVOLU-

TIONS DURING RUB CONTACT = .18?0 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED Ix RUB. ROTATIVE SPEED:
2019 RPM.
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_{ FIGURE 13.38 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

_ "VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
_I BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.

FILTERED 1_ RUB. ROTATIVE SPEED: 2020 RPM. I
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STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

' MOTION. RUB CONTACT TIME: 5.55 ms. SHAFT REVOLU-

i:: _ TIONS DUILING RUB CONTACT = .1930 ROTATIONS. 3.34 LB.
_i"] PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
_!I , RADIUS 12 INCHES UNFILTERED Ix RUB ROTATIVE SPEED
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_< FIGURE 13.40 STEADY-STATE OR.BIT AND TIMEBASE WAVE OF ROTOR
:_ VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
" BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES. '
"=' FILTERED lx RUB. ROTATIVE SEEED: 2085 RPM.
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_ FIGURE 13.41

l

STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT REVOLU-

TIONS DURING RUB CONTACT = .1640 ROTATIONS. 3.34 LB.

PLUNGER. PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGR.EES,

RADIUS 1.2 INCHES. UNFILTERED 1,(RUB. R.OTATIVE SPEED:

2156 RPM.
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FIGURE 13.42 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-

BALANCE: 2.0 GRAM.S., 180 DEGREF_S, RADIUS 1.2 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 2159 RPM.
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_ACHINE ID: RUB ORBITS
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FIGURE 13.43 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 4.46 ms. SHAFT P,EVOLU-
TIONS DURING RUB CONTACT = .1640 ROTATIONS. 3.34 LB.
PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED 1x RUB. ROTATIVE SPEED:
2197 RPM.
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FIGURE 13.44 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UI_r-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTEP,.ED lx RUB. ROTATIVE SPEED: 2201 B.PM.
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TRAIN IO: NASA RUB RIG
_ACHI:E [0: RUB ORBITS

ORIGINAL PAGE iS

OF POOR QUALITY

PROSE tl _D: OUTBRD VERT.OIB
UNFiLTERE_

PROSE z2 IO: QUTBRO HOR OlSP
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FIGURE 13.45 STEADY-STATE @RBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 3.95 ms. SHAFT REVOLU-

_['IONS DURING RUB CONTACT - .1500 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED I, RUB. B.OTATIVE SPEED:

2251 RPM.
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FIGURE 13.46
STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 2264 RPM.
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FIGURE 13.47 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 3.96 ms. SHAFT REVOLU-
TIONS DULLING RUB CONTACT = .1550 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCITES. UNFILTERED Lx RUB. ROTATIVE SPEED:
2331 RPM.
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FIGURE 13.48 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-

BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCITES.
FILTERED 1x RUB. ROTATIVE SPEED: 2331 RPM.
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l F GUtEt3.4g STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 3.90 ms. SHAFT REVOLU-
TIONS DURING RUB CONTACT = .1600ROTATIONS. 3.34 LB.
PLUNGER PRELOAD UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2INCHES• UNFILTERED Ix RUB. ROTATIVE SPEED:

*'i _ 2462 RPM, 581
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FIGURE 13,50 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 2462 RPM.
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FIGURE 13.51 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 1.61 ms. SHAFT REVOLU-

TIONS DURING RUB CONTACT = .0670 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCKES. UNFILTERED Ix RUB. ROTATIVE SPEED:

2519 RPM.
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_._i FIGURE 13.52 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

_'i} VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
_:'! BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.

_:i FILTERED 1x RUB. ROTATIVE SPEED: 2519 RPM.
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i, FIGURE 13.53 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 2.50 ms, SHAFT REVOLU-
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FIGURE 13.54
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STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-

BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 2647 RPM.
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FIGURE 13.55 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 1.92 ms. SHAFT REVOLU-

TIONS DURING RUB CONTACT = .0869 ROTATIONS. 3.34 LB.

PLUNGER, PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,

RADIUS 1.2 INCHES. UNFILTERED Ix RUB. ROTATIVE SPEED:

2713 RPM.
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FIGURE 13.56 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.

, FILTERED ix RUB. ROTATIVE SPEED: 2713 RPM.
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FIGURE 13.57 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
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FIGURE 13.60 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 2910 RPM.
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FIGURE 13.63 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR.

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 2.40 ms. SHAFT REVOLU-
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FIGUILE 13.73 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

MOTION. RUB CONTACT TIME: 6.89 ms. SHAFT REVOLU-

TIONS DURING RUB CONTACT = .4340 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED i× RUB. ROT&TIVE SPEED:
3790 RPM.
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PROBE n_ ID: OUTBRD vERT DIS
'X ;_LTERED

PROBE _2 !D: OUTBRO HOR DISP
IX _ILTERED

ROTATION: CW
RPM(START)- 3789 RPM(ENO)-
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FIGURE 13.74 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE 3.34 LB, PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED lx RUB, ROTATIVE SPEED: 3792 RPM.
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FIGURE 13.75 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER

_ MOTION. RUB CONTACT TIME: 4.76 ms. SHAFT REVOLU-

_.. : TIONS DURING RUB CONTACT = .3067 ROTATIONS. 3.34 LB.
_;_ _ PLUNGER PRELOAD UNBALANCE: 2.0 GRAMS., 180 DEGREES,

i RADIUS 1.2 INCHES. "UNFILTERED Ix RUB. ROTATIVE SPEED:

[ 3s sRPM.
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'X FILTERED

_ROBE t2 ID: _UTBRD HOR DTSP
;x FIL[ERED

ROTATION: CW
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I
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:X vECTGR- 11,60 MILS PK-PK @-3_

tI:]"_ ,T_BI..I_- l@, _ _'.,_.,C.,"'U'I¥

FIGURE 13.76 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2. GRAMS., t80 DEGREES, RADIUS 1.2 INCHES.
FILTERED 1x RUB. ROTATIVE SPEED: 3868 RPM.
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FIGUI_ 13.77 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: 5.65 ms. SHAFT REVOLU-
TIONS DUR/NG RUB CONTACT = .3718 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 18C DEGREES,
RADIUS 1.2INCHES. UNFILTERED Ix RUB. ROTATIVE SPEED:
4053 RPM.
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PROBE al ID: OUTBRD VERT DIS
IX F:LTERED

PROBE #2 !D: OUTBRD HOR DISm
IX FILTERED

ROTATION: CW

RPM(START)- _055 RPM(ENO)-
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FIGURE 13.78 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-

BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED ix RUB. ROTATIVE SPEED: 4055 RPM.
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FIGURE 13.79
STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR

VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MOTION. RUB CONTACT TIME: &71 ms. SHAFT REVOLU-

TIONS DURING RUB CONTACT = .3920 ROTATIONS. 3.34 LB.

PLUNGER PRELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED Ix RUB. ROTATIVE SPEED:
4120 RPM.
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FIGURE 13.80 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES.
FILTERED 1x RUB. ROTATIVE SPEED: 4119 RPM.

.i

N,4



,i!

F.

ILl

LL

L..

.

; ,:!

P_
; >

r ;

F";_

_ENTLY
NEVADA
CORP.

• LANT ID: B.R.D.R.C
TRR[N [D: NASA RUB RIO
MACHINE _D: RUB ORBITS

:RCBE Ji :D: OUTBRD VERT DIS
UNFILTERED

PROBE a2 [D: OUTBRD HOR DISP
UNFILTERED

ROTATION: CN
R_M(STRRT)- 4225 RPM<END)-

ORIGINAL PAGE IS
OF POOR QUALITY

CRIENTATION- gO DEG
MAX AMP- !9.I0 MILS PK-PK

_226

ORIENTATION. 0 DEG
MRX RMP- 23.80 MILS PK-PK

,,_ _ .

i

PROBE #3

I _ ...... :"%- t

|., • I ..,

i

I

.-_"Rt_= 2.'_i_ PtII.._.,'OIV rL'._ S_:R(..E= le._} I'I_"ICC.OIV

! ' !

{ ....

_', _ _ iNO CONTACT

- , f'- CONTACT
_'_--_'] "I

PROBE #4
TZl_ 5C.RLE= l_._I_!I I'#b'_C.'IIIY

PROBE #4 [D: _L,B=,_'._I'I6ERZhBRD 'R:E:ITATIrjN-
,.'_FIL_E_E', _r_X_rl_-

PROBE#3 In: "L;C :C::ACT [_IBRD .2R:E;._taTIOI'I-
uNFILTERE_. _IAXAHF'-

ROrAT!ON: :4

,,OE,;

n DEG
?.SO _"[_S PF ''_v

i._ ( FIGURE 13 81 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
',:I" " VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
i MOTION. RUB CONTACT TIME: 5.00 ms. SHAFT REVOLU-

[..":! TIONS DURING RUB CONTACT = .3522 ROTATIONS. 3.34 LB.
_i :- PLUNGER PRELOAD. UNBALANCE: 2.0GRAMS., 180 DEGREES,

RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED:

IE 4226 RPM.
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PROBE n_ ZD: OUTBRD VERT DIS
_X ;ILFERED

PROBE m2 ID: OUTBRD HOR D!SP
IX _LTERED

ROTATION: CW.
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FIGURE 13.82 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAl, RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-
BALANCE: 2.0 GRAMS., 180 DEGI_.EES, RADIUS 1.2 INCHES.
FILTERED Ix RUB. ROTATIVE SPEED: 4228 RPM.
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FIGURE 13.83 STEADY-STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE AND ASSOCIATED RUB PLUNGER
MCrION. RUB CONTACT TIME: 4.54 ms. SHAFT REVOLU-
TIONS DURING RUB CONTACT = .3263 ROTATIONS. 3.3_ LB.

PLUNGER PI%ELOAD. UNBALANCE: 2.0 GRAMS., 180 DEGREES,
RADIUS 1.2 INCHES. UNFILTERED lx RUB. ROTATIVE SPEED:
4307 RPM.
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FIGURE 13.84 STEADY STATE ORBIT AND TIMEBASE WAVE OF ROTOR
VIBRATIONAL RESPONSE. 3.34 LB. PLUNGER PRELOAD. UN-

BALANCE: 9..0 GRAMS., 180 DEGREES, RADIUS 1.2 INCHES AT
THE INBOARD DISK, FILTERED lx RUB ROTATIVE SPEED:
4307 RPM.
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FIGURE 13.87 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1262 RPM.

UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.

TIME BASE OF THE PLUNGER MOTION AND

ROTOR-TO-STATOR CONTACT TIME (BOTTOM)
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FIGURE 13.88 RUBBING KOTOK VIBRATIONAL KESPONSE AT 1302 RPM.
UNFILTERED, IX FILTERED AND 2X FILTEKED SIGNALS.
TIME BASE OF THE PLUNC-EK MOTION AND
I:tOTOK-TO-STATOR CONTACT TIME (BOTTOM)
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FIGURE 13.89 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1345 RPM.

'-'" UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.
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- _c L_ ,._o ,,._s._," 'r_ s_. ...........:7-__................M_'C:"I.,,_v.................U._'_L'r_,. ,_,:.(_,p.

UHF XI,,TI_RtD MR>( RRP,

......... " "--" "..... :"-'"-"_---:'2:;'; .................................... NO CONTACT

CONTACT

. . . "_. _,_

gO DEG
,;g MI_$ PK-_K

OEC

FIGUP,.E 13.90 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1404 RPM.

UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF THE PLUNGER MOTION AND

ROTOR-TO-STATOR CONTACT TIME (BOTTOM)
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...... ('""I ......................... _............. _................. 2X FILTERE9

.i::i_!:i:ii!_!.i:.i::i!_iii____::!i!!!!_i::_)i.::::."::":.:::."':::'.'::'.:'i"::::'..::::::"::::'::::::.i":::::::.:.:':":::':".:

T_HE ECRI.E- _._i_ MSEC/_ZV

ORIEHTflTION. _e DEG

MRX flMP_ ._I M|LB PK-PK

ORIEHTAT_ON- e OEG

M_X _MP= .3? MILS _K-_K

RHP SCIaL£- 1.28 M_L_,,O[V ?_¢ SCP_= 2"J,ae MSE¢.'OI','

_"$1P$CFLE, l._il Mt_5/OI:V I"D"I¢ $C_U[- 2_._II M=_EC.,'QD!

PROBE _! IOl MORIZ RUB PLHGR ORIEHTRTION- _e DEG

UHFILTERE9 M_X AMP- .I@ MI_$ PK-PK
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FIGUR.E 13.91 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1456 RPM.
UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF THE PLUNGER MOTION AND
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE THE

THE 2X ORBIT IS REVERSE.
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FIGURE 13.92 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1500 RPM.
UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF THE PLUNGER MOTION AND

-r.:! ROTOR-TO-STATOR CONTACT TIME (BOTTOM).

_.] ,I
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MRX RMPu t_.?_ M[_$ PK-PK
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MR_ RMP- _,4_ M:L$ PK-PK
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MRX RMP= 3.2e MILS PK-PK

ORIENTRTIONm g DEC
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FIGURE.-13.93 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1593RPM.
UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF THE PLUNGER MOTION AND

ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE
THAT THE 2X ORBIT IS REVERSE.
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.... _- .........._ , ....:....._...;._.._ .......

..... _,..._......,_.... _..,._..._.......,.,._ _,,.... ......
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CONTAC%"

FIGURE 13.94 RUBBING "_TOR VIBRATIONAL RESPONSE AT 1646 RPM.

UNFILTERt. , !X FILTERED AND 2X FILTERED SIGNALS.
TIME BAbE OF THE PLUNGER MOTION AND

KOTOR-TO-STATOR CONTACT TIME (BOTTOM)
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FIGURE 13.95 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1736 RPM.

UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS•
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._,_,...o. +..o.._ ,..._.....o.. _.......° .............

.... T................. :............ *................

iS_i!iiiiii=_ii_;i!iiiii_iiiii:iii!iiiii;ii:;i!!!_iiiiiiiiiiil

2X F_LTERE9

.;._..........,...............::::!_:_...............:.._..._.,..
7i!:ii:i!i!iii_!?ii!i-i:ii;iiiii:!i?!!i!iii:i?iiiiii_:iii:ii_:iii:

ORIENTRT_OH= ?_ DEG
MRX RRP= .3e M_L$ PK-pK

ORIENTRT;OH= e DEG
RRX.RMPm .Se MILS PK-_

+:+++++++++ii+++++++++il
...._ _ --..-.-...............__-::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::_Ro. o, _=, _oR_ Ro=_._R

_PIP _CRLE= I.¢3= M[L._/O_V T_PIE _CRt.E= Z_._ MSEC/E_V _IMFILTERE]_

ORIENTATION= 9e DEG

ORIEHTRTION= _ DEG

MRX AMP= 5.=_ M[E_ PK-_K

FIGURE 13.98 RUBBING ROTOR VIBI_ATIONAL RESPONSE AT 1834 RPM.

UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF THE PLUNGER MOTION AND

ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE
THAT THE 2X ORBIT IS REVERSE.
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ROTATION: CW

RPM($TART)- 1933 RPM(EHD)z

• _ r r_

AMP SC_LE- 1._8 M[_/O_V

L938

I ................................. ,.................... ° ...................................

I'--'" ""'""'" - -'" ;::.z:1_:_.:::.-z::::!!ii!_Ei!ii!_!iEi_i_:::ii!ii!!i!!i:ii.:!_!!Ei!i!_:i:i_!iv.-_-o. ,l i_, o_T,_,ER,UNFILTERED

• PROBE 12 igl OuT_.R9 NOR

.......... ,,i,............. Z ._,,_"::Z_::[Z]_'--'::.']_I:[II_::_I:]::_[:ZI..'_.. ..... UNF iLTEREIi

_ii!ii_i_i!!ii_======================================....... ::::::::....

T_;_E SCALE- 2_. BB _EC/_Iv -

0RIENTRTION= 9@ 0EG

MRM AMP = 5.SB MILS PK-_K

ORiENTATiON= @ DEG

MRX AMP- 2.?_ MiLS PK-PK

I!:_:-:........_...........................................

__i!i::i!i'_ii_'!.:!ii:,EE_:_:E:;;%_:!7:i:::;L,':::::::--:-s
PROBE #I iO: OUT_RO VERT

iX FILTE_EO

PROBE #2 iD: OUTaR_ HOR

IX FILTERE_

ORIENTRTION= 9e DEG

iX VEOTORm 5.?_ MILS P_-_ _-51

0RIENTRTi0N= _ OEG

!X VECTOR_ _._ M_&3 P_-PY )-15

• ILl'
: i . • • :

..._............................_-...........;......',......

....%._! e !+ ;. ;._i....

..,_.,.,_... ° ................. _......o.,...° .............

.............. ° ............... -L................... • ................... _..............

,._ ........................._•! ..........
:..,.:;::: .L.....i .............

................................. i................... _,..................................... PROBE ill till OUTIID VERT

................ • .............. t. .................. • .................... °..............
IX FILTERED

................................................................................................. PROBE #2 I9:OUT_R0 N0R

¢HP S¢_LE- I.eB M[LS/0£V T_HE SCALE- 2_.B_ MSEC,'OIV

_.'IP SCRLE- I._ PH:LS/0_'V T£I'_ SCRL[- _,BB MEEC/BIV

PROBE ii i_: HORIZ RUB PLNGR

UNF IL.TERE0

RR01E i2 19: ELECT COHT

UNFiLTEREO

NO CONTACT

CONTACT

ORIENTflTION, 9g DEG

MRX flMP_ .4B MILS PK-_K

ORIENTATIONI 8 DEC

MAX AMP! .4S M|L3 PK-PK

0RIENTATION* 9B OE_

MRX AMP= ._ M|L_ PK-PK

ORiENTATiON= @ _EG

RRX AMP_ 6.@i Mi_S PK-PK

FIGURE 13.97 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1933 RPM.
UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.

TIME BASE OF TIIE PLUNGER MOTION AND

KOTOK-TO-STATOP. CONTACT TIME (BOTTOM). NOTE

THAT TEE 2X ORBIT IS REVERSE.
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ROTATIOHs ¢_
RPM($TRRT) m

......_............y: .....................!..................
[:"-i..........._"-:'"i.................................
Ar,_ SCRE* 1,_._ MILS/OI:V

1375 RPM(EHD)- 1974

!i!ii!iiii!_ii!!i:iiiiii!i:_!!ii!iiiiiiiiiiiii_iii!i!iiii!iiii!i!_iiiiilI

T_r SCALE- _._i_ MSE:C/D_V

PAO_E _[ tOz OUTBAD VERT
UHF_LTERED

PRO_E 02 I_; OuT_AO HOR

UNFILTERFO

::.'___.,._:::T'.._ ==============================================================........................................................i_

_1_ S_E II I.ei_ IM[LS/O£ v TZi_E' S(:FIL£- 2_."2e MSIEC/=ZVI UNFILTERED

Pi_ SERLE- flail MIL.S/O_V T_M_ S_RI,,E- 2_1 61_ M$EC/_lV

ORIEHTATIOHm
MflX flMP_

OREEHTRTZOH.
MRX R_Pm

ORIENTRTIoN.

!X VECTOR_

ORIENTflT|OH1

IX V£CTOR_

ORIEHTRTIOH-
_RX RMP=

ORI[HTRTIOH-
MRX AMPm

ORlEHTflTIOHz
MflX flMP=

ORIEHTRTtONm
MRX flMP=

_e _EG

5,3e MIL$ PK-PK

e DE°

2,_e MILS PK-PK

9e DE°

5.ee MILS _K-_K _~_u

O DE°

_O DE°

._0 MILS PK-p_

e PEG

,Te MILS _-PK

9e BEG

O =EG
_ _g MILS PK-PK

FIGURE 13.98 RUBBING ROTOR VIBRATIONAL RESPONSE AT 1975 RPM.
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF THE PLUNGER MOTION AND

ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE
THAT THE 2X ORBIT IS REVERSE.
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__" -"3'_'-'_"__"_"_m_'_.'_w'_r_"_ _r_lm_ ........ _ _,_Birf._m

i I
i! ROT_TXO.,="

RPPICSTI4RT ) m 2_? RPM< EHD )= 2_2

......i...-.,..................................................."i i_i'J]i]ii_i_;_J_Z._.IL.L.i_'_.ii_i_ii]iiIL_'.Z_]_IIII_]_I_L'._]i'._...................•....................,...................°........................................

......_.......................... i............................................................................................................................... PRO_E #1 _D_ OUTDR_ vERT ORIENT_TIONm '_)_ _EC;MRX _MP,m _,_,_ M'L$ PK-_K ....

............................................................................................UNFILTERED

OR IEHTFIT IOblm @ _EG

• _ !:ii_iiiiiiiii_';i:!!!iii!i!i!_i_iiiiiiiii!!_ii!:i'_iiiiii!iiii!!!iii_ilI _,LTER"
....._........................,.......--.._-._-.!....... :....................:_...................: ..................._......................,

....._-"_ ............:-T'T'--: ..... I::!i--i_!!!!!_!i!ii!!_i!_ii!ii_iiiiii_!i:_!i!iiiii_i!ii!!

i_i:i

I .

_J

L.

I L

PRO_E tt lot OuT_RD vERT

_x FILTERED

PRO_E #2 [_* OUT_RD HOR
[X FILTERED

ORIEHT_TION= 9_ DEG
[x VECTOR= _._O MIL'5 pK*Pv _-_

OR_ENTAT_OHm @ OEG
IX VECTOR= 6,4@ MILS P_-PK ,)°_5_

RMP _- ,_i] MF.LS/O_:V T_HE RCRI.E_- 2_._ M_EC/OZV

PROBE _| I]t OUTBR_ VERT

2_ FILTERED

PROBE t2 I_z OUT3RD HOR
2_ FILTEREO

OR_ENTRTIOHm _@ DEG
MRX RMP= _._@ MILS PK-_K

ORIEHTRTIONm _ DEG
MRX _MP_ 3,7g MILS PK-_K

PROBE #1 ID* HOR[Z RU]I PLHGR
UNFILTERED

AMP SCRLEm _.88 M_:L_'I_£V T_ME SCRLE- 25,BE MS[C/_2V
PROBE |2 [g: ELECT COHT

UNF ILTERED

NO CONTACT

CONTACT

hRIEHT_TIOM- @9 DEG

MRX RMP= [.Se MILS PK-PK

OR|EHTRT_OH- @ DEG
MflX 8Mpm 6,_% MILS _K-PK

-i

_L FIGURE 13.99 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2059 RPM"

IBo  o )
L, REVERSE.
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ROTRTIOHs C_

RPM_$TRRT)= _292 RPM(EHD)= 2251

.... I1_ i

................................................................ I

...........................!.........................1
I

....I ZZII; ,+_, ZTZ;.TZII!

IZI ZI

RMP SCF_LE- t,_i_ M_LE,/O_V

...................o......................................+................................

............................................................o..............................

_.../_.....%.-._,../....¶...-_... ¢..L. ,'_...;. ,. ,,_,..
_t ............ ."._..--_,_-...-_:....',¢..--'.+l- ._: .... ,,,,+'--.._

37:IZI:::::_ZZZZZI:::I?.Z:III:IIZII:Z:ZYZIZL:I?.I:IZZZZITZFRO'mE #: ID: OuTDRD VERT

..............................................................................................UNFILTERED

................;,___..JJ.mg.........................+,.._ ",_.............................PROSE 112 ID* OuT_RD HOR•_.._..............,.................................t..._................+I_,....... UHFtLTERED
.... t ............ t'_ ............. ;_'"'_ ............ _t ............. _.............._....._, .................. +.......... :_......;. ............... .+,. ............... _........

.Z:Z+'::SII "::SS:_ZZZ'"_:::Z:.':'"Z::7_IZZ:J;ZZI '.".YZL "i::;::

T,_HE SCRLE= Z_.Bl_ M$;'C-"_ZV

OR IEHTAT [ Oil= ._ _EG

MAX RMP t _.ee MILE _K-_K

OR_ENTRTtOH= e DEG

MRX RMP= 7.7_ MILS PK-PK

. , ,, LLO

....._.......................... +........... T.....T+..+_ ......

..... +.+__+.....+..-_....;,+....++._.++_.

....--.++,..+U-..,-.....;.--+...................+......

.........._.................F'. ..................+.........

.................................................................................... PRODE #! ID* OUT_R9 VERT

IX FILTERED

,moDE, I,, O0,RO

T_E SCRLE- _._@ MSEC+_ZV

ORIEHTRT_OH= 9@ _EG

IX VECTOR= t,Le MI_S RK-_ 'D-3_e

ORIEHTRTtON= e DEG

IX VECTOR= 6.50 MILS P_-_ 9-47

. ...... o......... ,.....+_ ....o+ ...o....! ......

SCFP_- ,50 M_LS/Op+ 't

....... ....p. .......................................................... PROIIE 11 tDI OuTDRD vERT

................................................................................................... 2+_ FILTERED

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::.:::_::_:_::.:.-:.:_:--z
::::::::::::::::::::::::::::::::::::::::::;,_-.-.+_,;...:_;_:::._;:

::Vi:i!dii::

T1:ME SqRLE= _'_l. _ MSE_/_V

PRO_E 12 IDs OUTDRD HOR

2_ FILTERED

ORIEHTRT%OH= 9e DEG

MRX RMP= 1.9@ MILS PK-_K

ORIEHTRTION= e _EG

MRX RMP- t._e MILS PK-_

AHP Sr._LE- I,e8 MI:LS_OL'V T_E S_:_LE- _._._ MSEC,'I_IV

I .......................................................................................................................................... _ROIi 12 IDI ELECT COP,It

__ uNFiLTERED

i..::::_.-._..-.:::::::-_-:-.:_..-.-:.........::::::::.......:::-:..-:.....:-...::.===========================================================tqO CONTACT

• .................................... :+ '"::Z::L._.':Z:..--_:-': COt;TACT

SCFt.E- 1._ MD.S/OI:V _'_P'_ 5¢Rt._= Z_,l_e I"_'I:C,:ZV

ORIEHTRTION- 9_ DEG

MRX RMP- 2.9+ MILS PK-mK

ORIEHTRTIOHm + DIG

MflX RMPm _.@@ MILS _K'mK

FIGUKE 13.100 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2292 RPM.
UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF TRE PLUNGER MOTION AND
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE

_I _,. TRAT TI:{E 2X ORBIT IS REVERSE.
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ROTRTIOM* CW _,_Ail

RPM<STRRT)- 2442 RPM(ENO)- 2443 ,_i I

...:....................................................

i:iZZ:ZI_ :I!Z::
i
.._.....°.....°................__..o......_.....,.......

RH_ $CRL£- l,_il MILS/OIV

_ ,-,_.........,._ ,.,__ ,.._ _.
ii_!_iZiiiiiiS_!iiiiiiiii_i3_!iiiiiiiii::!_!iiii!ii,,Ro.., ,=, ouT_RD,_s_,
"::='-ZZZ:_'ZZZ::'Z::'ZZ:I"_Z'Z-_::'Z'::ZZ:'-'Z:Z2:Z:':_UNF ! I. ? ER_"I)

PROBE w2 IDz OUTBRO HOR

UNFILTER[D

ORIENTflTIOH= 9g DEG
MflX AMP= 3.2e MILS PY-PK

ORIENTRTIONs g 9EG
Rflx R_P- 7._8 Mlk$ PK-PK

j

............................ i............. :......_. ...........

tMP SC._[:, I _{i MILS/Q[V TIHE S_LE_ _._ MSEC,'DZV

_ROIE et 10_ OUT_R9 V[RT
IX'FILTERE_

?RO3E #2 I_ OUT_RO HOR

%X FILTEREO

ORIENTRTIOH_ @g DEG

ORIENTRTION_ g _EG

_X VECTOR- 6.@g MILS FK-PK )-6_

itll

:::::::::::::::::::::::::::::::::::::::I

..................................................................... PR03E 17, I_): OUTIIR{I VERT

:.................................................................................... 2X FILTERE=

::::::::::::::::::::::::::::::::::::::.Z:S" =============================J..._....,_..._,;.._,............_....,....._................,
::::::::::::::::..... :::::::::::::::::::::::::::::::::::::::

ORIENTRTION= gO OEG

MRX _ffiP- l.le RIL$ PK-PK

PROIE 12 I_ OUT_RO HOR ORIENTRTION- g OEG

2X FILT[REO MAX RHP- L.3g _[_$ PK-_K

t !

f

E

L

[

.... :::::::::::::::::::::::::::::::::::::::::::: ..... :-1::.-::.:":.1.........................................................................

_MP SC.,qL£- I,gg MIL$/0[V TIHE SCRLE- 25._6 MS£C/gZv

Rt'_P SCRI,.£- I,_I_ M:LS/O=V 'r_l,_ SCPCE= Z_.iHI MEC/I_IV

PRO|E I1 IDz MORIZ RU| P_HGR ORIENTATION,, 9g _[_
uNFILTEREI) _IRX _MP" _._ MILS PK-_

PROIE 12 |9| _.ECT CONT ORIENTRT|ON m 0 _KG
UNFILTER[9 RRX RMP_ 5.2fl M|LS I_K-C>K

_0 CONTACT

CONTACT

FIGURE 13.101 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2442 RPM.
UNFILTERED, 1X FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF THE PLUNGER MOTION AND
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE
THAT THE 2X ORBIT IS FORWARD.
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ROTRTIOH* C_ I

RpR($TRRT)a 2737 RPM(EHD)a 2738

.............i

I.............................................................7'":..L: Z1 ::

.:_.i..::::Li!E)ii:_:::iiiii)iiiiii))i!!)i:

RHP SC, RL¢'"= T'EH r SCRL¢= I_.I_ MSEC/1];[V

.... •_ ........ _: "7"Z.LISE:_.Z:S_I_.SEZTE:.s'..".S--SIT-"_

PROIE'#t |9# 0uTgR9 vERT 0_|EHTRTIOH" )@ DEGMAX RMP- _._ MILE PK-mK

uNFILTEREO

PRO_E 12 [01 0UT_RD HOR ORI_HTRTIOH- _ OEG
MRX RMP- 3.3@ MILE PK-_

UHFILTERE9

. ; ! : .

...........................S_ "L'_:.:.".X._ZSIS...'I.ZZZ_

Iii!i!i!!iii!::=:::i__ii_!_iiiii_!i_:::::::_i!!i:_!::2i!:::-:PROIE #I IOl OUTIRO V_RT ORIEHT_TIOH" _ DEG ,_-_

t_ FILTERE_ LX vEcTOR- _._ MIL'5 PK-P_ •

PROIE #2 IO, 0UT_R_ H0R 0RIEHTRT_OH_ _ OEC

IX FILTERE_ tX vECTO R_ 3. t_ MCLS _:'P_ )-_

LL@ i-- --

.... _...._.-_...., ......... ;.............,; .........

6

RHP SCRI_- ._1 Mtl._0_'V 1'trill SCFIL_- l_l.i_l_ MSEC/I]ZV

PROIE ml Zg, OUT_R9 vERT

2x FILTERE_

_ROBE 12 [_: OUTBRD HOR

2x FILTER[_

[ OHF ILTERE_

AMP SCRLE= I.¢_B M[L_/O[V TI:;H_" $CPA_- I@,gO MSEC/_ZV
PROIE 12 |D: ELECT COHT

.......................................................................... UHF'[L TERE9

!_P _CRLE, l._il M£LS/OL'V T_J"E 5¢1t._,, ]ll._il M_EC/I_ZY

OR|ENTRTtONm 9@ DE_

MRX flMP- .[e MILS _-_K

0RIEHTRT[0Na e DE{

ORIENTRTIOH= )e OEC

MRX RMP= .3_ MILE @K-_K

ORIENTRTIO_- I OEG

RRX _MP= _.3_ MIL_ P_*P_

FIGURE 13.102 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2737 RPM.
UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.
TIME BASE OF THE PLUNGER MOTION AND
ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE
THAT THE 2X ORBIT IS REVERSE.
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_0TRTIOMI CW

RPR(STRRT)-

:! :!

•-_..... _..........t-'-_-.7-! ......
RHP SCALE= ,5_ REI..SIO_V

29t9 _PR(END) • 2929

--_-_i?iE ii!!=:=::EL

: • : . . •

.....i_--_.-_--_ :. ..... !.......

PI_O=E ¢! IOt OUT=Rg VERT

UMFILTEREO

PROSE 12 tO=•OUT_RO HOR

UNFIETERE_

TE3H[ S_RLE= 1=._1_ M_'CJ"t_V

P_OIE ¢2 ID_ OUT_R0.HOR

IX FILTERE9

la!

(

.... ;._.._. ......... ._................ . ..........

L_T_Z_;_"_;;_"_;_-_;_;;_Z:Z_;;;_7;;_`_;_;_;:;;:;_;";;_i_L.T_-_ PROBE I_t I=l OUT=R= VERT
=X FILTEREI)

k!:i{?::iZi_!) )i: ;i_i: : :::::::::::::::::::::::::::::: _'RO_E '= ==' OU'=R= HOR

.... ,. ........................ _ ........ ::::::::::::::::::::::::::::: F I, LTER[_

TIHE ECRLE= l_._ _S='C,I_Iv

0RIENTRTION= _ DEG

O_IEHTRTION= _ 9EG

MRX RMP= 3,1_ MILS PK-PK

0RIEHTRTIOM= _@ OEG

0AIEHTRTION= _ ORe

IX VECTOR= Z.9@ MILS Fk-Pk @-_g

ORIENTATION= )e _EG

MRX AMP= .13 MI_$ PK-_K

0RIEHTATION= @ _!_

MRX _R_= .t9 MILS _K-_

.S:.'.:ZIZ;: i:i ii : Z.ZZ ...........................................................................................................................

UI_F IL?ERE'0

',:;':,:".:.I.-:-_::2L."-.i__'.E]I'Z]:'].-..[ ....................................................................... ii P_OIE 1_2 I_= ELECT CONT

t ........................................ 7;-TI.::::\T'?:.::.:-._.I CONTACT

_ _CRLE_ l "_ MI_/OIV I T_,_ 5¢,R&J_m l_ _q_ MSEr/_ZV
!

ORIENTATION= _ OEG

MRX R_P= .2_ MILS _K-#K

0RIEMTATION= _ OEG

MRX RMP= _.5_ MILS _K-_K

FIGURE 13.103 RUBBING ROTOR VIBRATIONAL RESPONSE AT 2919 RPM.

_f, ! UNFILTERED, IX FILTERED AND 2X FILTERED SIGNALS.

TIME BASE OF THE PLUNGER MOTION AND
b

ROTOR-TO-STATOR CONTACT TIME (BOTTOM). NOTE

_:_ THAT THE 2X ORBIT IS FORWARD.
I
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FIGURE 13.104
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ECOND HARMONIC (2X) TO FUNDAMENTAL COMPONENT

IX) AMPLITUDE RATIO VERSUS ROTOR/STATOR CONTACT
ARC. THEORETICAL CURVE AND EXPERIMENTAL DATA
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14. ROTOR-TO-STATOR RUB COMPUTER SIMULATION I;ROGRAM

DEVELOPMENT AND OPERATION.

14.I Introductip.n.

This computer program was written to help explore the effects of rotor-to-stator contact
on the vibrational response of rotating machines operating under rubbing conditions. ibis

chapter of the report outlines the program development and operation. A few numerical
test results used to _uide its development are presented.

14.2 General Description of the Program

The computer program objective is to calculate the rotor response during rotor-to-stator
rub conditions. The rotor/bearing/seal/stator basic system is presented in Fig. 14.1.

The program is designed for the IBM PC computer and is written in Pascal language. The
computer program is composed of two major subprograms: (1) the linear rotor/bearing
system synchronous response with no rub, and (2) the timebase response of the nonlinear
system with rub at a selected rotative speed. The first of the subprograms allows the user
to calculate the synchronous response of the system versus rotative speed, producing
transient type data which may be displayed in Bod_ plot format. This allows for easy
identification of the system resonances and modal characteristics indicating at which

rotative speeds the largest vibration amplitudes occur. This information is eventually used
to determine rotative speeds at which rotor motion should be investigated more closely by
taking into account the rub nonlinear effects in the timebase response,' the second portion

of the program. It is at these rotative speeds the rotor-to-stator contact occurs. This
portion of the program allows a more detailed analysis of the shaft vibrational response
caused by external and rub-related excitation forces at the desired rotative speed, by
calculating (using numerical integration) the shaft centerline motion versus time. In
addition to the linear parameters of the shaft and support structure, the nonlinear timebase

response subprogram uses the nonlinear properties imposed on the rotating system by
outside support structures with limited clearance. Since these structures are non-rotating,
the tangential forces generated due to the rotor/stator relative surface velocities are
considered as well as the nonlinear modification of the system support structure. The

following sections provide a more detailed description of the computer program operation.

14.3 P.rogram Initialization

The overall program sequence is shown on the first page of the flow chart section (Fig.
14.2). Each of the larger program blocks is expanded and presented in Figs. 14.3 to 14.10
to show the program operation in more detail. The rotor system being modeled along with
the identification/location of the input parameters and calculated output motion is shown
in Figure 14.1. Program operation begins with the computer setting aside the memory
required to store the output motion data. This consists of data buffers for both the linear
and nonlinear responses at each of the three mass stations, Ax, and each of the bearing/seal

locations, Bx, plus buffers indicating positions and times of rotor-to-stator contact. Once

°_

:_i I the data storage area has been reserved, the linear parameters for the system need to be
;_i L. entered. The parameters necessary to allow computation of the synchronous response

-"i1 include the following parameters: the system modal mass at each mass station, the
_ stiffness for each shaft se.tion, the external damping at each mass location, the rotational

|. unbalance force vector, the radial constant preload force and its associated angle, and tl_e
fluid radial damping, fluid average circumferential velocity ratio, fluid radial stiffness, and

1 [ radial clearance at each of the bearing/seal locations. To enter a new value for a system
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parameter, it is necessary to select the subgroup from the screen menu which contains the

desired parameter. The program then lists the individual elements within the. subgroup
and their current values. The parameter to be changed can be selected from the list and

the new value entered. The program will then update the parameter vaJues for the
subgroup allowin_ verification of the new value. This process can be repeated until all the

input elements of the subgroup are as desired. At this point in the data entry process, to
return to the list of available, parameter subgroups the exit selection in the screen menu

should be used. Once back to the list of parameter subgroups, a different subgroup may be
selected, and the above process described repeated to change the individual values within
the new subgroup. This whole data entry process is repeated until all individual parameter
values are set to the desired values. After the system parameters have been entered and

verified, the exit selection in the subgroup menu initiates the storage of the parameter

values on the mass storage medium, allowing them to be recalled and used as the starting
values for future calculations. At this stage the program begins the execution of the
synchronous response calculations.

14.4 .Linear Synchronous Response Calculation

The first user input required with the synchronous response calculation determines whether

the routine needs to be executed. If the synchronous vibration response is not required, the
program skips the calculation and proceeds to the nonlinear parameter input routine

described in Section 14.5. Otherwise, the program prompts for the rotative speed range
over which the synchronous calculations are to be performed and the rotative speed
increment between calculations. The data entry process for these variables is the same as

for the input of the other linear system parameters previously described. Once this data

has been entered, the program proceeds to calculate the linear synchronous response of the

rotor at axial locations A1, A2, A3 (disk locations), B1, B2, B3, and B4 (bearing/seal
locations)•

14.4.1 Linear Equations and Their Solution

The linear equations of motion for the model being used (Figure 14.1) are the same as

described in Chapter 11 (Eqs. (11.1) to (11.8)). With slightly modified rotation, they areas follows:

DI_I + _:I(KbI+KI-jAIflDI) - K1zl = 0

•
M1_'1 + Dslzl + (Kr_-K_)zl- KI_1- K_2 = Fule + Fple

D_=z_ + _(Kb2+K2+K3-jA_flD_ ) _ K_zl - K_z_ = 0

M_z2 + Ds2z_ + (K._+K4)z,_ - K,_2 - K4_3 = Fuse + Fp2e

Ds:z._ + _(Kb +Kt+Kr.-jAsflD_) _ K4z_ - K_z_ = 0

(14.1)

(14.

(14.5)
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M3z3 + Ds3z3 + (Ks+K6)z3 -K5_3 - K_-4 = Fu3e + Fp3e

D4_z4 + [_4(Kb4+K6+Kr"-jA4_D4) - K6z3 = 0 (14. 7)

Since the equations represent a linear system, the response to each forcing function can be

computed separately and the results summed to get the complete response. Starting with
the unbalance responses, the following solutions are assumed:

i
i L

_-.._

S2

J(._+_l) j(._+_l)
zl = Ale _1 -" Ble

z2 = A_e _ = B2e

z_ = A_e _ = B_e

(14.8)

j(_t+Z_)
_4 = Bte

The coordinates z i describe rotor responses at the disk stations. The coordinates _i

describe responses at each bearin$/seal location. Also, since synchronous responses have
been assumed, the rotor response n:equency is rotative speed, _. Substituting the responses

into Eqs. (14.1) through (14.7) with Fp =Fp =Fp =0 results in the following algebraic
equations

j(_+Z_) j(_+_)
B_e (Kb +K_+jD_w(I-_I))- K_A_e - 0

_ej(a_+_ ) • j(_+e_)
AleJ(_+a_)(Kl+Kr-m_w_+JDs w) - K_B - K_B_e j(_+_) = Fue

B_ eJ(_t+fl_)(Kb_+x_+K_+jD_l-A_)) - K_A_e j(_÷a_) - K_A_e = 0

j(_t+Z_)
A_eJ(_+_)(K_+K4-m_w_+jD_ w) - K_B_e

(14.9)

- KtBse = F e
U2

B _ej( _ +_) (Kb+ K4+ K _+ jD_w(1-A_)) - K 4A _ej( _ + a_) - K_A_e = 0

j(_t+a_) _ j(_+Z_) j(_+Z,) j(_t_)
A_e (K_+K_-m_+jDs _ ) - K_B_e - K_Bte = FueI; [



=_: B4/(_ +_4)(Kb4+K6+K ?+jD 4_ I_A4)) j(c_+c_)- KsA3e = 0

These equations can be solved to obtain the response amplitudes and phase angles A1, _1,
As, a_, As, as, BI, D1,B_, D2,Bs, Ds, B4, and D4.

For the static preload response the following solutions are assumed:

j_ol jBol
zl = Aole z,l = Bole

jczos jB0s
z_ = Ao2e _2 = Bose

jaos jBo3
z3 = Ao3e _.3 = B_se

(14.1o)

jBo4

z4 = Bose

When these solutions (14.10) aze substituted into Eqs. (14.1)

Fu1=Fu_=Fus=0, the following algebraic equations are obtained:

through (14.7) with

jD01 j,_ol
Bole (KbI+K0 - KiAole = 0

j_01 j_ol jDo2 j")'l

Aole (KI+K2) - KiBole - K:Bo2e = Fple

jDo2 Joo, joos
Bose (Kbs+Ks+K3) - K2Aole - KsAo2e = 0

j_os jDo2 JDoa J':
Ao2e (Ka+K4) - Ks+Bo2e - K4Bo3e = Fp2e (14.11)

jDo3 joo_ j_o,
Bo_e (Kb +K4+K_ ) - K_Ao_e - K_Ao_e = 0

jao, JDo_ jDo_ j')',

Ao_e (Ks+K_) - KsBo_e - K_Bo4e = Fpse

,-) jD04 jo03

_:!_, Bo_e (Kb4+K_+K_) - K_Aose = 0

' Thes_ equatiTs are solved to get the values of Ao_, ao_, Ao,, r,o,, Ao3, (:xo3, Bo_, Do_t_.._B__,

: Zo2, o._,Dos, 04, and Do4.

_, The maximum amplitude and itsangle are then computed by combining the synchronous

and static preload solutions (14.8) and (14.10). These results are then compared with the ";
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specified radial clearances at the bearing/seal locations B1, B2, B3, and B4 to determine
whether rubs would have occurred. This potential rub information is placed in the "RUB"
and "ANGLE" data buffers which may be displayed the same way as the computed
vibration responses.

i

14.4.2 Linear Synchronous Response Plots : Exit Data

The linear system synchronous response data and. the potential rotor-to---stator rub data

may be plotted using a Bod_ format or listed in a tabular format. Both formats may be
displayed on the computer screen or hard copied using the graphics printer. To display the
desired data, one must select the data location from the list on the available menu. Once
the c_sired location is selected, the program prompts to determine if the data is to be
plotted or tabularly listed, and if it is to be hard copied or only displayed on the computer

screen. Once the prompts have been answered, the program executes the desired action.
When all the desired information has been displayed, one must select the exit option within
the plot location selection menu in order to continue to the nonlinear numerical integration
portion of the program.

14.5 Nonlinear Timebase Calculation

As with the linear solutions, the first task within the nonlinear portion of the program is to
determine whether .the nonlinear calculations need to be performed. If the nonlinear

calculations are not required, they may be skipped and the program proceeds to the prompt
to exit the program. If they are to be performed, the additional parameters necessary to

complete the calculations must be entered.

These include the initial displacements and velocities at each location (initial conditions),
the stator stiffness, the coefficient of friction between the rotor and stator surfaces, and the

impact restitution coefficient at each of the potential rub locations, plus the program
control variables, namely operating speed, number of revolutions to compute, and the
number of computational steps per revolution.

If the linear calculations by the first portion of the program were performed, the initial
displacements and velocities are calculated from the synchronous responses; therefore, any
values entered during the data input process will not be used by the program. The initial
conditions in the parameter table are also not used when the nonlinear calculations are

being extended. The process of extending the nonlinear calculations is discussed in Section
14.5.5; for now it is sufficient to realize that the initial conditions for the current

calculation are obtained from the previous calculation, and their input into the parameter
table is not required.

The actual program operation to select and change any of these parameters is identical to
the process used to enter the parameters for the synchronous vibration response
calculations. When the parameters have been set to the desired values, selection of the exit
option in the group menu allows the program to proceed with the actual numerical
calculations of the shaft centerline motion.

14.5.1 Nonlinear Equations

The nonlinear program uses the same physical model as the linear system; however, the
equations of motion must be slightly modified to include the effects due to rub at the

bearing/seal "B" locations. Eqs. (14.1), (14.3), (14.5), and (].4.7) are modified to
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D1_,/_l + _,(Kb,+KI-jA,2D0-KIz,+f,(Kr,(I _,I-C0(I+S_,)) = 0

D2z2/_2+_2(Kb2+ K 2+ K _-jA2f)D2)-K 2z,-K 3z2+f2(K r2(I_21-c2)(I +j_))=0 (14.13)

D3z3/ 3+ 3(Kb3+K4+ K 5-jA3nD 3)-K4zr-K sz3+f3(Kr3(l I (14.14)

D 4_z4/_,4-I-z4(Kb4+ K ell-K r"jA4_qD 4)-K63"I-f4(Kr4(Iz41-C 4)(1+ j_4))-0 (14•15)

where fi = 1 and _ = current restitution coefficient input value if ( Izi I - C i) > 0 and fi =

0 and _i = 1 if (l_im - ci) < 0 (i = 1, 2, 3, 4), where C i are allowable radial clearances at

each bearing or seal.

For non-rub conditions, (_'i - Ci) < 0, the modified equations (14.12) to (14.15) reduce to

the original linear equations. Since rub can only occur at the "B" locations, the equations
of motion for the responses at the "A" locations remain the same as for the linear solutions.

Instead of assuming a solution form and substituting it into the original equations as was
done to get the linear solution, the numerical integration algorithm used requires that each
equation be solved for its highest order derivative. For example, Eqs. (14.12) and (14.2)
become:

_i = RI[K,zl- _,I(KbI+KI-jAII]D 0 - f1(Kr1(I_Im --C0(I+jU,I))]/DI

J(_+cO jT_

;.i= [Fue + Fpe - Ds_ - (K,+K_)z, + K_., + K=_=]/M,

The remaining equations are similarlysolved for theirhighest order derivatives.

-m '_"

14.5.2 NumericaLMethod

The RUNGE-KUTTA algorithm then uses the values calculated for the highest order
derivatives, along with the current state of the system, (shaft uositions and velocities) to
predict the state of the system at some point in the future. 'i_his process continues until

the motion for the specified period has been calculated. The accuracy and numerical
stability of the RUNGE-KUTTA algorithm is very sensitive to the step size between

computed points• Large step sizes provide increased computational speed at the cost of
reduced accuracy and stability, since both accuracy and stability depend on the product of

the step size and the value of the highest order derivative. This program uses a variable
step size, based on the percentage change (2 percent) between the value for the new point
and the current point, to optimize both the computational speed and accuracy• This
produces relatively large step changes when the function is producing slowly changing

values, which increases computational speed, and then decreases the step size dunng
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periods of rapid change in values to preserve the accuracy. When the change is too high,
the step size is reduced by one-half, and the calculation restarted. This process is repeated
until the maximum change in amplitude requirements is met, or the numerical, precision of
the computer is exceeded. At this point, the new valueis transferred into the current value
location. I_ the time coincides with the next data sample time, it is stored in the data
buffer. Otherwise, the program returns to the previous time that did not produce
acceptable results, and retries that time with the ne_v current values. This process is
repeated until the sample data buffer is complete. Figure 14.11 illustrates this process by
showing the s_eps for a possible computation sequence between two data sample times.
Since any change from the value of zero will produce percentage changes greater than
allowed, the program also has an amplitude threshold (0.01 mils) which overrides the
change requirements between points if the new value is less than the threshold. The
threshold and percent change parameters should be picked carefully as they significantly
affect both the computational speed and accuracy.

14.5.3 Accuracy Sensitivity

Since the transient response is much more susceptible to computational errors than the
forced response, it makes a good subject to study the sensitivity of the computational
accuracy with these parameters. Such tests were performed in a test environment which
allowed computation at only one plane of motion. Figures 14.12 to 14.17 present computed
output shaft waveforms for a 5 rail initial displacement in a system with no damping.
Each figure lists the system parameters used in the computations above the waveform plot.
The actual response should be a cosine wave with a 5 rail amplitude at the system's
resonant frequency; any deviation from this ideal waveform is due to errors generated
during the numerical solution. Note that the response in Figure 14.17 would be the
numerical solution produced using 64 points per revolution period with no percentage
change correction to the step size, as the threshold exceeds the maximum response
amplitude.

14.5.4 Nonlinear Timebase Plots: Exit Data

Once the computations are performed and data buffers have been completed, the nonlinear
motion display selection menu is displayed. The nonlinear display selection process
operates similarly to that for the synchronous response, the only difference being the plot
format is orbit/timebase instead of Bod& After all the desired data has been presented,
the exit selection in the menu is used to continue to the calculation extension program
function.

14.5.5 Extension of the Nonlinear Timebase Calculations

L_

The program prompts to determine whether the nonlinear calculations need to be extended.
The extension can be used to continue the computational period until a steady--state
solution is obtained by using the values at the last computed point as the initial conditions
for another computational period. This process can be continued until the steady--state
solution has been obtained.

14.5.6 Program Termination

If the nonlinear calculations are not to be extended, the program prompts for program
termination. If Exit program is selected, control is returned to the computer's operating
system; if not, the program is restarted at the data entry for the synchronous response
calculations.
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14.6 Summal V

This chapter presented the description of the computer simulation program and its
operation. The rubbing rotor/bearing/seal system to be modeled was defined and the
equations describing its motion were presented. The manipulation of these equations
required by the program to produce transformed equations compatible with the linear
synchronous response and nonlinear timebase calculations is also described. The numerical
solution technique and tests used to determine the sensitivity of the numerical solutions to
control parameters is presented, along with a description of the modifications made to the
primary numerical solution technique to minimize the effects of the control parameters on
the final solution.

B1 A1 B2 A2 B3 A3 B4

/'77777

BX

AX

KX

are bearing/seal stations with the fluid stiffness, fluid

damping, fluid average circumferential velocity ratio,
clearance, coefficient of friction, restitution coefficient,and

stator stiffness as program input parameters. Motion at each

point is calculated for output.

are mass stations with the modal mass, and external damping as

program input parameters. Motion at each point is calculated
for output.

are the rotor system modal stiffnesses between the stations Ax

and Bx as shown above; they are also program input parameters.

FIGURE 14.1 ROTOR/SUPPORT
PROGRAM.

SYSTEM MODELLED BY COMPUTER

02280 646



"t

!+.

,i w;

-ii
[

1.0 MAIN PROGRAM ENTRY

POINT

l.I RESERVE MEMORY FOR [i DATA STO RAG I".

_I

+

+
1

t.3 INPUT LINEAR

PARAMETERS V

1.4 PROMPT FORSYNCIIRONOUS

RESPONSE CALCULATION

1.5 CALCULATE SYNCHRONOUS

RESPONSE

, l

Ni

1.6 DISPLAY SYNCIIRONOUS

RESPONSE RESULTS

1.7 PROMPT FOR NONLINEAR

RESPONSE CALCULATION

J,Y
1.8 INPUT NONLINEAR

PARAMETERS

1.9 CALCULATE NONLINEAR
TIMEBASE RESPONSE

1.I0

+
DISPLAY NONLINEAR

TIMEBASE RESPONSE

RESULTS

I I Ii PROMPTT_O EXTEND
NONLINEAR CALCULATIONS

_ 1.12 PROMPT TO EXITpRoGRAM .,[

1.14 MAIN PROGRAM EXIT [POINT I

ROTOR MASS

SIIAFT STIFFNESS
SIlAI:T DAM PI N(I
U N IJA I,ANCI", AM I'I,I'I'U I)E
UNBALANCE PIIASE
RADIAL FORCE AMPLITUDE
RADIAL FORCE PHASE
FLUID DAMPING
FLUID AVERAGE VELOCITY RATIO
FLUID RADIAL STIFFNESS
SEAL CLEARANCE

I__

_i m _°_Rum

B2 B02 RUB2

B3 B03 RUB3

B4 B04 RUB4

['_ITIAL DISPLACEMENTS

[ I INITIAL VELOCITIES
STATOR STIFFNESSES

] I FRICTION COEFFICIENTS
" [ RESTITUTION COEFFICIENTS

. i [._ONTROI/PARAMETERS

1 NBI CONTACT I

NA2 NB2 CONTACT 2

3 NB3 CONTACT 3
NB4 CONTACT 4

WP FIGURE 14.2 FLOW CHART OF MAIN PROGRAM SEQUENCE.

k +47 ,

tl f



FIGURE 14.3
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15. RESULTS FROM COMPUTER SIMULATION PROGRAM.

15.1 Introduction

15.2 Determinationof the System Dynamic Parameters Using the Linear Synchrono,_s
Resuonse Part ofthe Computer Program

The firststepin the rub analysisprocessusingthiscomputer program consistsof defining
the system parameters. As with any simulationprocess,the computed responsesonly
representthe actualresponsesofthe targetsystem to the degreethat the computer model
and itsparameters match those of the realsystem. To verifyprogram operation,the
parameterswere selectedto roughlymodel the HPFTP simulationrub rig. Therefore,it
should be possibleto determine whether the calculatedrub responsesexhibitthe same
characteristicsas thoseobtainedexperimentally.The system parameterswere determined
by choosing a set of parameters and then using the linearsynchronous portionof the
program to get the resonantfrequenciesand rotormode shape at each resonance. The
parameterswere then adjustedand the program run again,untilthe resonantfrequencies
approximatedthoseofthe simulationrotorrig.The parametersselectedforthesetestsare
listedin Table 15.1,and the synchronous responsesat each locationare presentedin
Figures15.1through 15.7.These can be compared with the experimentalresultsfrom the
simulationrotorrigpresentedin Chapter 7. Sincethe parametersare axiallysymmetrical
foreaseof selection,the mode shapesonlyroughlyapproximatethoseofthe simulationrig.

15.3 Results From the Nonlinear Timebas¢ Portion of the Computer Program_

Table 15.2liststhe additionalparametersnecessaryfor the nonlinearsystem calculations.
As was discussedin the previoussection,the valuesforthesystem parametersused forthe
computationaltestsrepresenta system similarto,but not identicalwith, the HPFTP
simulation rub rig. This produces calculatedlinearresponse resonant frequencies
reasonablycloseto thoseof the simulationrotorrig,but the mode shape at each of these
frequenciesonly roughlyapproximatesmode shapesof the simulationrotorrig.In orderto
getresultswhich match the experimentaltestresultsmore closely,theparametersneed to
be adjustedfrom the symmetricalsystem used forthesecalculationsto a setwhich more
closelyapproximates the skewed mode shapes produced by the experimentalrotor rig.
Also,theunbalanceand radialpreloadforcesshouldbe distributedamongst thethreemass
locations,"A," to produce the same once-per-turnsynchronousresponsesand staticmode
shapesas those generatedin the simulationrigby the mass unbalanceand radialpreload
appliedforthe individualtests.The testsequenceused to generatethe experimentaldata
was repeatedto produce the calculatedresults.This consistsof introducingan unbalance
forcewhich does not resultwith a largeenough amplitudeto generaterub at the desired
rotativespeed and then incrementallyincreasingthe staticradialpreload to initiate
rubbingconditionsofvariablerangesof severity.

| Two setsoftestdata were generatedusingthistestsequence.The firstwas produced with
= _ the unbalance forcelocatedat the thirddisk,the planez3 (A3), whilethe secondwith the

unbalanceforcelocatedin the second disk,at z_ (A2). The staticradialpreloadforcewas

_i i appliedat thethirddisk,locationz,(A3),forboth setsoftests.

_"'i 02280 663I

e computer program describedin the previouschapterwas writtento help explorethe
cts of rotor-to---statorcontact on the.vibrationalresponse of rotatingmachines

operatingunder rubbing conditions. This chapter of the report presentssome rotor
vibrationalresponses-calculatedby the program for conditionssimilarto those used to
produce the data from the HPFTP simulationrotorrigpresentedin Chapter 12 of this
report.



15.3.1 Results From the Calculations With the Unbalance and the Radial Prdoad
at the Third Disk

Even though the model parameters do not exactly match the simulation rub rig, when the
computed results from the program, presented in Figures 15.8 through 15.42, are compared
with the experimentally obtained data from the rub rig presented in Chapter 12, the
similarity is readily apparent.

For comparison purposes, the data for low oil pressures at seal simulation beating should be
used, either 0.0 or 2.5 psi oil pressures, since no seal stiffnesses were introduced in the
example of computer model parameters. Vibrational data responses near a primary rub
location are represented in the computer results at location NB3, and in the experimental
data at probe location 2. Therefore, the vibration responses at these points may be
compared for response similarity near a rub location, even though the points are not
identical because of the difficulty in install/ng measurement transducers at the exact
location where rub occurs. For comparison of vibration response at different axial locations
along the shaft; NA1 should be compared with probe location 3, NA2 with probe location 4,
and NA.3 with probe location 5. Again, these comparisons cannot be entirely exact since
there are no exact matches between calculated points and measurement points.

At low radial preload forces, before rotor-to-stator contact occurs, both systems produce
linear responses to the applied forces. As the radial preload (with a chosen vertical
direction) is increased until light radial contact occurs, the shaft response orbits become
highly nonsymetrical with the highest amplitudes in the direction from the contact point to

the centerline of the system, in this case the vertical direction. This large vertical
component of the vibration response is predominantly 1/2x for both the calculated and
experimental data while the horizontal vibration response remains predominantly lx with a
much smaller 1/2x component. At the highest forces used in the calculated results, which
correspond with the medium preload results from the experimental data, the larger preload
have reduced the 1/2x vibration component in the vertical direction producing a vibration
response that is moving back toward predominantly Ix components, with the addition of
some higher harmonics. The horizontal vibration response has increased, mostly due to a
large increase in the 1/2x component in the computer-calculated responses. The
experimental data also shows an increase in the horizontal response; however, the major

increase is in the lx component instead of the 1/2x. This could be attributed to the
difference in contact and measurement planes that exist between the computer and
experimental models, or differences in the rub parameters such as friction coefficients,
restitution coefficients, or maybe even the increased restraint added due to the stator

stiffness. Additional parametric studies using the computer program would have to be
conducted to determine the exact cause for the observed variation. A comparison of the
results calculated by the computer program with the experimental results obtained from
the HPFTP simulation rotor rig indicates that the computer program produces responses
similar to those obtained experimentally for operating conditions including rotor-to-stator
rubbing.

15.3.2 Results From the Calculations With the Unbalance in the Second Disk and
the Radial Preload at the Third Disk

The calculated responses for this series of tests are presented in Figures 15.43 through
15.70. As with the experimental results from the simulation rotor rig, the basic trends for
the rub responses are the same as those determined from the test with the unbalance in the

third disk. Again the same basic trends are seen in both the experimental and calculated
vibrational responses.
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15.4 Summary.

This chapter presented the ca'-.ulated responses from the computer simulation program and
compared these _th the data experimentally obtained from the HPFTP simulation rotor
rig. Even though the system parameters in the computer program have not been perfectly
matched to those of the HPFTP rub rig,. there is strong similarity between the responses
produced using the computer program and those obtained experimentally from the rub rig.
The results presented in this chapter represent only a sample of the computer program use
and abilities. This program may have a wide range of applications in rotor dynamic
problems.
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TABLE 15.1 SYSTEM PAP_AMETERS USED IN THE COMPUTER SIMULATION

PKOGRAM TO APPROXIMATE THE HPFTP SIMULATION ROTOR

RIG.
i J ,|

RUB CONDITIONING

LINEAR PARAMETER VALUE

MASS 1

MASS 2

MASS 3

0.00250000
0.00180000
0,00250000

SHAFT STIFFNESS i
SHAFT STIFFNESS 2
SHAFT STIFFNESS 3

SHAFT STIFFNESS 4
SHAFT STIFFNESS 5
SHAFT STIFFNESS 6
SHAFT STIFFNESS 7

200 000
400 000
400 000
400 000
400 000

200 000
0 000

SHAFT DAMPING 1

SHAFT DAMPING 2
SHAFT DAMPING 3

0.050000
0.050000

0.050000

UNBALANCE AMPLITUDE 1

UNBALANCE AMPLITUDE 2
UNBALANCE AMPLITUDE 3

UNBALANCE PHASE i in degrees.

UNBALANCE PHASE 2 in degrees
UNBALANCE PHASE 3 in degrees

RADIAL FORCE 1

RADIAL FORCE 2
RADIAL FORCE 3

TEST VARIABLE-- SEE INDIVIDUAL PLOT
CAPTIONS FOR THE VALUE OF THESE

PARAMETERS USED TO PRODUCE THE PLOT

0.000
0.000

0.000

TEST VARIABLE-- SEE INDIVIDUAL PLOT
CAPTIONS FOR THE VALUE OF THESE

PARAMETERS USED TO PRODUCE THE PLOT

FORCE PHASE I in degrees
FORCE PHASE 2 in degrees

FORCE'PHASE 3 in degrees

0.000

0.000
90.000

FLUID DAMPING 1
FLUID DAMPING 2
FLUID DAMPING 8

FLUID DAMPING 4

0.050

0.010
0.010
0.050

FLUID VELOCITY RATIO 1
FLUID VELOCITY RATIO 2

FLUID VELOCITY RATIO 8
FLUID VELOCITY RATIO 4

FLUID RADIAL STIFFNESS 1
FLUID RADIAL STIFFNESS 2

FLUID RADIAL STIFFNESS 3
FLUID RADIAL STIFFNESS 4

SEAL CLEARANCE 1

SEAL CLEARANCE 2
SEAL CLEARANCE 3
SEAL CLEARANCE 4

BEGINNING RPM => I0 ENDING RPM => I0000

0.000000
0.000000

0.000000
0.000000

I00.00000

0.00000
0.00000

i00.00000

10.00000000

0.05000000
0.05000000

10.00000000

DELTA RPM :> 20 +

J .
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TABLE 15.2 ADDITIONAL SYSTEM PARAMETERS NECESSARY TO PERFORM

NONLINEAR TIMEBASE RESPONSE CALCULATIONS USING. THE

COMPUTEK SIMULATION PROGRAM.
ii , ,,ii ,

RUB CONDITIONING

NONLINEAR PARAMETER VALUE

INITIAL X DISPLACEMENT A1
INITIAL X DISPLACEMENT A2
INITIAL X DISPLACEMENT A3

INITIAL X DISPLACEMENT B1
INITIAL X DISPLACEMENT B2
INITIAL X DISPLACEMENT B3

INITIAL X DISPLACEMENT H4

0.00000000

0,00000000
0.00000000

0.00000000
0.00000000
0.00000000

0.00000000

INITIAL Y DISPLACEMENT A1

INITIAL Y DISPLACEMENT A2
INITIAL Y DISPLACEMENT A3

INITIAL Y DISPLACEMENT B1
INITIAL Y DISPLACEMENT B2

INITIAL Y DISPLACEMENT B3
INITIAL Y DISPLACEMENT B4

0
0

0
0
0

0
0

00100000

00100000
001O0O00
00100000

00100000
00100000

00100000

INITIAL X VELOCITY AI

.INITIAL X VELOCITY A2

INITIAL X VELOCITY A3
INITIAL X VELOCITY B1

INITIAL X VELOCITY B2
INITIAL X VELOCITY B3
INITIAL X VELOCITY B4

0 000
0 000

0 000

0 000

0 QO0
0 000
0 000

INITIAL Y VELOCITY AI
INITIAL Y VELOCITY A2
INITIAL Y VELOCITY A3
INITIAL Y VELOCITY B1
INITIAL Y VELOCITY B2

INITIAL Y VELOCITY B3
INITIAL Y VELOCITY B4

0 000
0 000
0 000
0 000
0 000

0 000
0 000

STATOR STIFFNESS 1 I0'0000.000
STATOR STIFFNESS 2 I00000.000
STATOR STIFFNESS 3 1000C0.000

STATOR STIFFNESS 4 100000.000

FRICTION COEFFICIENTS i 0,40000000
FRICTION COEFFICIENTS 2 0,40000000

FRICTION COEFFICIENTS 3 0,40000000

FRICTION COEFFICIENTS 4 0,40000000

RESTITUTION COEFFICIENT 1 1,000

RESTITUTION COEFFICIENT 2 1.000
RESTITUTION COEFFICIENT 3 1,000

RESTITUTION COEFFICIENT 4 1,000

[ OPER  'INaSPEED  ooo

NUMBER OF SAMPLES PER REVOLUTION 150

_ L NUMBER OF REVOLUTIONS 4
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705

' I



3 1

_-;+:q

_v_: _,

r

_7. i

ml-

m,'_

ml=t:

|

tJ4r'_i*',_.. :

A .'_ .
' _/_ ,

c.l/_ /'*/"""

_2 mill /_Iv C_W RoAl_on 41tl rpm O.ll ml/_il

NO ¢OKT_CT

=.m_.S.amA_,

FIGURE 15.39 CALCULATED STEADY-STATE RESPONSE AT LOCATION A2
USING NONLINEAR PORTION COMPUTER SIMULATION PRO-
GRAM FOR 4000 RPM, 0.00002 IN-LB UNBALANCE IN A3, AND
150 LB. RADIAL PRELOAD AT A3.



I

1

i
!

[

U

var'ialw_l:

NhL_ "_

t

4oeo r'pm t. 00 ml,,'ct_

_mdw M_

L_

L

FIGURE IG.40 CALCULATED STEADY-STATE P.ESPONSE AT LOCATION B3
USING NONLINEAR PORTION COMPUTER SIMULATION PRO-
GIIAM FOB. 4000 P.PM, 0.00002 IN-LB UNBALANCE IN A3, AND
15.0LB. P.ADIAL PKELOAD AT A3.

707

|



J

[]

Var_.at:lt :

L

\ _,J"

O, ll41 mm/cl_ v

/.

 'Lf-

FIGURE 15.41 CALCULATED STEADY-STATE RESPONSE AT LOCATION A3
USING NONLINEAR PORTION COMPUTER SIMULATION PRO-
GRAM FOR 4000 RPM, 0.00002 IN-LB UNBALANCE IN A3, AND
15.0 LB. RADIAL PRELOAD AT A3.

708



i

+

L'._.

_eeo r_m

UmP_aQ_m:

O, Illl el/cl_,v

CON?MeT _--__,.._,.._ .
NO ¢0NT_¢7

P- _' 4* ,"1

NO ¢01,17M¢ T
I

i

I

t ,

FIGURE 15.42 CALCULATED STEADY-STATE RESPONSE AT LOCATION B4
USING NONLINEAR PORTION COMPUTER SIMULATION PRO-
GRAM FOR 4000 RPM, 0.00002 IN-LB UNBALANCE IN A3, AND
15.0LB. RADIAL PREI.OAD A.T A3.



i

:h

IN

8.8 m_u /a_v CCW Ra_a_n 4eee r_m 0.80 mu/a_w

M

I

¢ONTA¢?

i

,i-

FIGURE 15.43

[ I

CALCULATED STEADY-STATE RESPONSE AT LOCATION B1

USING NONLINEAR PORTION OF COMPUTER SIMULATION

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND 5.0 LB. RADIAL PRELOAD AT A3.

710

, J

_,

',p

,el e,



mF

I_

I .

L

©

0.8 mAA8 /_A_ C¢_,_ _La_A_ 4eeo r_m

[]

¢O_TRCT

NO CO#TACT

_JmrAa_4e:

O. Oil mm/aJA_*

S/

/ I

¢ONT_¢T

XO ¢ONT_¢?

FIGURE 15.44
CALCULATED STEADY-STATE RESPONSE AT LOCATION AI
USING NONLINEAR PORTION OF COMPUTER SIMULATION
PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND S.0LB. RADIAL PRELOAD AT AS.

711

!
p ¢



i

8. _ m,-_m /_v CCW _o_a_iQn

IN

var_.6mZm:

dBtl e_s I.I! sl/_L_

N_ cgM?_C?

FIGURE I_.45 CALCULATED STEADY-STATE RESPONSE AT LOCATION B2 i.!

USING NONLINEAR PORTION OF COMPUTER SIMULATION :

PROGRAM FOR 4000 R.PI_I,0.00018 IN-LB UNBALANCE IN A2,
AND 10 LB. I%ADIAL PkELOAD AT AS.

" _ '!



"L

_An_ _0: _x 2 R?O am_
PAO_:

&

0

_6 mAAm /_Av C_ _m_a_AmM 4$$$ rpm

|

CQNT_¢T

VmrAa:Am:

NO ¢ONT_¢T

O.OI mu/ffA_

: r ; • ,

¢OHTA¢7

NO ¢0NT_¢7

_4P _4_ _t

- 2 • •

L.

E

FIGURE 15.46 CALCULATED STEADY-STATE RESPONSE AT LOCATION A2
USING NONLINEAR PORTION OF COMPUTER SIMULATION
PROGRAM FOR 4000 RPM, _.00016 IN-LB UNBALANCE IN A2,
AND _.0 LB. RADIAL PR.ELOAD AT AS.

713



_;a_,n*. ID: N_SX 3 a"rll
_lOt:

iS mile /_iu C_W _o_a_ion 4ee@ e_m

I

CONTACT

NO ¢ONTP_¢T

_mrimmlm:

8 • OI ml/O_,w

P

v

FIGURE 15.47 CALCULATED STEADY-STATE RESPONSE AT LOCATION B3
USING NONLINEAR POKTION OF COMPUTER SIMULATION

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND G.OLB. RADIAL PRELOAD AT A3.

, !



mQ_mt 10. NA_ _ e _RG

©

L-

-LI
CCW Rm_at_m_ 4gSe rgm

I .

FIGURE 15.48

|

Var_m_m!

4_Ll
rv

$.$e ml/a_v

CQNT_¢T

NO ¢ONTRCT

CgNT_¢T

Ng CgNTI_CT S

CALCULATED STEADY-STATE RESPONSE AT LOCATION A3
USING NONLINEAR PORTION OF COMPUTER SIMULATION

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND 5.0 LB. R.ADIAL PKELOAD AT A3.



_.._.,:_

W_-.-

[]

8,8 m_l /Q_ C'_'W _Q_j_=n 4888 _lmm

_OMTRCT

NO ¢ONTFICT

/_i_'_e_'_, , ''_" -_

t. t4 mm,'cl_._

.A

i

(_ONTIIICT

NO ¢OMTnCT

M

FIGURE 15.49 CALCULATED STEADY-STATE RESPONSE AT LOCATION B4
USING NONLINEAR PORTION OF COMPUTER SIMULATION

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND 5.0 LB. RADIAL PRELOAD AT A3.

716



'I,

L'

31.'._

I

ORIGINAL PAGE IS

OF POOR QUALITY

i,

i

_4 _Ls /_ CCW RO_4_O_ 4eiO _pm

UeP _-,lll_,L t ;

} .

_ /

l
e

/

•_ •

"-"-""-1" ,'1

FIGURE 15.50
CALCULATED STEADY-STATE RESPONSE AT LOCATION BI
USING NONLINEAR PORTION OF COMPUTER SIIVlULATION
PROGRAM FOR 4000 RPM, 0.00016IN-LB UNBALANCE IN A2,
AND 6.0LB. RADIAL PRELOAD AT A3.

L
717



F
li

d

i

t*

/%

; \

b

/
/ \ i ,,
• • 'x

_ _J ./_ • O00 _m .00 m,8/_J A'_

¢OHTRCT _*_

. °

FIGUI_ 15.51 CALCULATED STEADY-STATE RESPONSE AT LOCATION A1

USING NONLINEAR. PORTION OF COMPUTER. SIMULATION

PROGKAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,

AND 6.0 LB. RADIAL PKELOAD AT AZ.

718

,J



'I

,!

I

!
-$

""" i

/

,J,

[]

CONI"_¢T

NO ¢ONTRCT

uarla=Le:

j \ ¢_
I _.//"

I

O. qlo nam/_= _.._

¢ONTIIICT I.J_ j _,_

t-

FIGURE 15.52 CALCULATED STEADY-STATE RESPONSE AT LOCATION B2
USING NONLINEAR PORTION OF COMPUTER SIMULATION

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND 6.0LB. RADIAL PRELOAD AT A3.



sd

.d

°°,o,:o,_,,, : _:_
_:

• _

24 _In /_ CCW RQ_I_O_ 4eei _m

I

/2

/ ;
ib

\ . ',,IV

Ill mll/_lJ._

M
NQ ¢ONTR¢? : j _ _ 2

_@ ¢OHTf_T _ J

I

FIGUrtE 15.53 CALCULATED STEADY-STATE RESPONSE AT LOCATION A2

USING NONLINEAR PORTION OF COMPUTER SIMULATION

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND 6.0 LB. RADIAL PRELOAD AT A3.

720



_$ m_s /a_ ¢_ Rm_a_am 4eee e_m

q
II. ell mt/G_v

I

¢ON'rI_CT

FIGURE 15.54 CALCULATED STEADY-STATE RESPONSE AT LOCATION B3

USING NONLINEAR PORTION OF COMPUTER SIMULATION

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND 6.0 LB. RADIAL PRELOAD AT A3.



,m

!

I

=
:-i

i
\ _ /' /

i ! \
\/

_',J' v

,/_, \ "%

"_ . \ / .

/

a4 _;11 /Q_v CCW _o_l_=m 415e e_m e,ll ml/=i_

NO ¢ONTRCT

, ,i

FIGURE 15.55 CALCULATED STEADY-STATE RESPONSE AT LOCATION A3
USING NONLINEAR PORTION OF COMPUTER SIMULATION

PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND 6.0LB. RADIAL PRELOAD AT A3.

722

, [:

)

4

4

#

i



ORIGINAL PAGE IS
OF POOR QUALITY

ii

•

FIGURE 15.56 CALCULATED STEADY-STATE RESPONSE AT LOCATION B4
USING NONLINEAR PORTION OF COMPUTER SIMULATION
PROGRAM FOR 4000 RPM, 0.00016 IN-LB UNBALANCE IN A2,
AND _,0LB, RADIAL PRELOAD AT A3.
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I_ 16. CONCLUSIONS

_!i:_ i i 16.1 Genera/Kemarks

_i_i,_ [ • Rotor-to-stator rub-affected vibrational phenomena experienced by rotors can be
considered in the framework of the chaos theory: in a seeming randomness due to a
multitude of factors and parameters affecting rotor responses, which in turn exhibit a rich
manifold of occurrences, there exist some regularities and well pronounced, dominant

patterns. These patterns represent strong attractors to make the rub--affected rotor
dynamics better ordered in its apparent randomness. The attractors defined by the chaos
theory are represented here by steady-state regimes of rotor vibrational responses.
Steady-state processes can be maintained during a prolonged time, provided that all

conditions remain unchanged. From the point of view of correct operation of the rotating
machine a practical question arises on how much damage these steady--state rotor
vibrations bring to the machine. For rub-related attractors the answer is always the same:
an extreme damage, with the possibility of ultimate failure included.

The c_efinition of steady-state processes, as existing during a prolonged time should be
modified in the case of rubbing: the conditions which determine the steady-state rotor
vibrations are usually changing relatively fast. Among these chan_in_ conditions the
surface wear is 'the most significant. It can lead to two extreme-si{uations: either

clearances become opened, thus the rotor loses contact with the stationary part, and
without further damage comes back to the normal operation (no-rub attractor), or the
damage increases, leading possibly to the ultimate failure of the machine.

The characterization of rotor-to-stator rub phenomena in rotating machines exposed a
rich array of parameters which have influence on the rotating system vibrational responses.
Some of these parameters can be rationally controlled in order to prevent the rotor from
rubbing and, if rubbing occurs, to limit its damaging effects.

Rub is always a secondary phenomenon, preceded by rotor motion exceeding the allowable
clearance within the stationary element. The tendency to reduce clearances in order to
increase fluid-handling machine ef.ficiem'y contribute considerably to more often

occurrences of rotor rubbing. The first preventive measure is therefore maintaining rotor
eccentricities and vibration level low, compromising with the clearance requirements. The
recommendation regarding low vibration level refers to prevention or elimination of all
possible malfunctions resulting in rotor vibrations. Among the most common malfunctions
there are unbalance, inappropriate choice of the rotative operating speed versus natural
frequency spectrum: too close to any of the systems natural frequencies, their fractions

(especial!y 1/2×), or their multiples (especially 2×), internal/structural friction, such as
results from stacked-type rotors, and finally fluid flow-relatedinstabilities of rotors. The

latter can be prevented by controlling circumferential flow around the rotating shaft, by
applying for instance anti-swirl devices.

The other contributor to rotor rub is the operation of the rotor at high eccentricities. The
rotor displacement from concentric to an eccentric position is a result of some radial

preload forces, such as generated by fluid flow, or rotor misalignment. The amount of rotor
preload should be compromised with the rotor eccentricity-related control of fluid
circumferential flows, the most often used measure to prevent rotor instabilities in

fluid-lubricated bearings. There is a very narrow dividing line between a "friendly"
preload, controlling fluid-induced instabilities of rotors and an entirely "unfriendly"

preload, possibly leading to rubs. A compromise can be achieved here by controlling fluid
flow using other means than radially preloading the rotors (mainly using anti-swirl
arrangements and externally pressurized, ("hydrostatic") bearings). This will allow the
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application of the second preventive measure, namely a reduction of rotor radial preloads
below the margin of potential rubs.

.... _j

There exist two main steady-state attractors in rotor rub-affected vibrational response

patterns: a partial rub and a full annular rub ("dry whip"). The first, less damaging
pattern is characterized by occasional rotor/stator contact during the rotor precessional
motion. The contact may occur once, or several times (and not necessar.ily at the same
angular location of the stator) per precessional period. The ratio of the "contact time" to
the "no-contact time" per precessional period rarely exceeds a half. The partial rub most

often occurs when the rotor is preloaded and rotates at higher eccentricity. With reduced
eccentricity and increasing vibration amplitude the partial rub inside a circular seal
gradually evolves from single location rub to multiple location, exhibiting star-like orbits.

The second main steady--state attractor is rotor full annular rub. Characterized by lateral
symmetry, it usually occurs when rotor eccentricity "_slow, but _,ibration amplitudes high.

The threshold of stability for full annular 1rob occurs at high rotative speed. The
multi-partial rub can be instantaneously replaced by the full annular rub due to any

random impulse (e.g., sudden change of speed or load). The.full annular rub is much more
damaging to both stator and rotor, as their contact, accompanied by significant normal and
tangential forces, is maintained the whole 360 degrees of the precessional period. In barely
a few rotations, the damage to the machine may become ultimate. Preventive measures
against full annular rub should be taken into consideration, because full annular rub is the

most destructive to the machine integrity. Again, one of these preventive measures is the
"friendly" radial preload, and carefully controlled rotor vibration level.

The steady-state partial rub vibrations exhibit a manifold of occurrences. There exists,

however, a very well determined rule regarding frequency of these vibrations. At rotative
speeds lower than twice first balance resonance (first natural frequency of the shaft bending
mode) the rotor rubbing against the stationary part modifies vibrational amplitudes , but
does not change the lowest frequency of vibration: If the original (no-rub) response was
synchronous (lx) vibration due to unbalance, the rubbing rotor response remains mainly

synchronous (Ix) (accompanied however by higher frequency components). When the
rubbing is light, at twice or above the twice first balance resonance speed the situation
changes: A new subsynchronous component appears in the rotor vibrational spectrum.

This component has a distinct subsynchronous half rotative frequency (1/2x). The rotor
rubs against the stator once per two rotations. If however the rubbing is more severe
(when a radial preload force results in rotor eccentricity, and the rotor/stator normal force
becomes higher) then again, only lx is the fundamental frequency component. The
threshold between these two patterns for a constant rotative speed is however difficult to
quantify, as it depends on several geometric and physical factors of the system.

The clean frequency-related pattern of rub continues also for higher rotative speeds: For
example, when the rub is light, and rotative speed exceeds three times first balance

resonance value the 1/3x subsynchronous component may appear in the rotor response
spectrum. A larger radial preload resulting in rotor higher eccentricity, and more severe
rubbing causes the 1/3x component to be replaced by 1/2x, and eventually, with increasing
eccentricity, by 1× as the lowest frequency componen*,. The partial rub is, therefore,

characterized by frequencies p_portional to the rotative speed. The partial rub is
repeatable phenomenon, but it can also be accompanied by some chaotic action of transient
processes.

The full annular rub vibration also has a clean frequency pattern: its frequency is equal to

the natural frequency of the significantly more rigid coupled rotor/seal system, and is
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entirely independent from the actual rotative speed. The full annular rub is very stable,
and persists even if the rotative speed is reduced below first balance resonance.

When the conditions leading to steady-state regimes change, the system responds with a
transient process, usually leading to another steady-state regime. This transient process
has also a distinct frequency characterization: the rotor responds with its natural
frequency free vibrations.

Amplitudes c_' either rotor steady-state or t.ransient regimes are much more difficult to
predict, as nonlinear factors of the system are usually involved. The latter are not easy to
quantify.

L

I
I

Rubbing arc, i.e., the time of rotor/stator contact, as a possible measure of the severity of

rub was investigated. A parameter to vary was again the rotative speed. It was shown
that the time of this contact depends significantly on the rotor original vibrational
amplitude versus the available clearance. Particular patterns of these rotor orbital
responses after the contact was broken were however somewhat chaotic.

It should be well understood that rotor-to--stator rubbing is not an isolated phenomenon.
It is a dynamic process determined by the entire system dynamic characteristics. In order
to properly interpret the rotor rub-affected motion it is necessary to identify first these
characteristics. The system dynamic characteristic identification methodology developed
and used during this study is described in this report.

Ideally, system analysis provides insight leading to an improved design yielding better,
more reliable performance of machines. Application of the knowledge acquired from
analysis should, if possible, be implemented at the most elementary design stage.

System response may be considered as the fingerprint of a particular machine,
representative of the fundamental operational dynamic properties for these type of
machines. The most important basic dynamic properties are characterized by modal

behavior of the system. The latter can be investigated by the modal identification testing
and dynamic stiffness approach used in this project. The practical two--mode identification
procedure for the rotor/bearing system was developed and eventually applied for
identification of more mode characteristics. The latter include system modal masses,
stiffnesses and dampings related to specific modes. The identification is based on presumed
linear system behavior. It gives, however, some insight into nonlinearity-related changes
in the characteristics. The model complexity can increase rapidly, however, when

considering nonlinearities, such as fluid-related effects, and of particular interest in this
study, friction forces, impacting, and irregular or periodic modifications to system stiffness.
The latter effects caused by rotor-to-stator rub are highly nonlinear, with lateral

nonsymmetry, greatly modifying the vibrational responses of the machine.

Modelling the interface of rubbing surfaces proves to be quite challenging. In order to
provide adequate resorts the rub model should comprise local micro elastic and plastic

effects, wear and heat transfer, as well as global effects, i.e., the rotor system dynamics in
the macro scale.

The model developed during this study was not that highly ambitious. The micro-local
part was omitted, and only averaged macro effects were taken into consideration. The

developed computer code, enabhng to calculate rotor response for an azray of input
parameters, brought some promising results which could be adequately compared with
obtained experimental results. A limited time and resources for this project prevented,
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however,obtaining wider matrix of computer parametric studies. The proposed code might
eventually be adapted to a main frame computer programs for rotor dynamics.

Experimentally tested rotor responses compared with computer calculated results suggest
that a simple "dead band" (noncontinuous stiffness of the system) model is not adequate to
describe the rub phenomena. Both friction and impacting play significant roles in the rub
occurrences, thus they cannot be neglected in the model.

Being an undesired malfunction of the machine, rub is relatively easy to detect and
diagnose as it causes specific modifications of the rotor system vibrational patterns. The

rubbing, however, is always not a primary, but secondary malfunction. By monitoring the
growth trend of both rotor eccentricity and vibration magnitude which both result from a
primary malfunction, *,he rub inception can be predicted. Once rub occurs it modifies the

prewous rotor response vibrational pattern. The most pronounced effect consists of an
increase of response components in the frequency spectrum: from subharmonic to

superharmonic components. The previously existing components undergo amplitude and

phase changes. By using appropriate vibration monitoring systems these effects are easilydetected.

At this point it is necessary to mention what is considered an "aoorooriat_." vlhrstlr_
monitoring system, j. • _- ,- - .............

ne heart of tt_e system consists of adequately selected and installed

transducers. For diagnosing rotating machine malfunctions the best are noncontacting
shaft-observing displacement probes. The advantage from the use of such probes has two

aspects: (i)rotor is the main source of the machine'vibration, thus ,bse(rv_ " " "and not affected by transmissibility of the supporting structure, a t_'sp_Sacedir_ct _

_ransaucer mgnes_ senskivity falls in the low frequency vibration range, including
zero-frequency, static displacements of the rotor. It should be well understood that the
low frequency subsynchronous vibrations of rotors are the most important indicators of

machinemalfunctions, thus from the diagnostic point of view bnng direct information. The

_eDSynacn_i.°n°ust_'i_r_yiOnsT_u_lYharCq_e_e high amplitudes, thus.are most dangerous for
• _ equency components result most often from the

secondary effects, and appear as harmonics of the low-frequency components.

Accelerometers mounted on the machine casing, as sensitive to higher frequency vibrations

easily detect these high frequency components. The accelerometer readings are, however,
affected by casing transmissibility, and for rigid, thick, and vibration wave
absorbing/dispersing supporting structures the accelerometers would not be able to detect

a major malfunction. In the instance of softer casings, when accelerometers are the only
used transducers, the relative strength of h/gher frequency harmonics can give a meaningful
diagnostic signal about rub malfunction. Quantification of the rub "severity" might be
however difficult, when only accelerometers are in use.

Another important part of the rotating machine monitoring system should be mentioned.
One of the shaft--observing displacement transducers should play a role of the
KEYPHASOI%, the once-per-turn marker. The information provided by such transducer

enables one to relate rotor vibrations to its rotational motion, which, as a matter of fact, is
the most important source of all dynamic processes in the system. Relation to the rotative

motion bring therefore the relation to the main source, thus providing a most significantdiagnostic tool.

The monitoring system for a rotating fluid-handling machine should also contain fluid flow

and pressure transducers, which would provide a meaningful information regarding rotor
load. Combined with vibration information constitutes a powerful diagnostic base.
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Advancements in the modern electronic technology result in efficient data acquisition and
processing systems which quantify and display the required cross--correlated information in
meaningful formats.

10.2 Conclusions Related to HPF,TP

Based on the diversity of information 'obtained through the research on rotor-to--stator
rubbing it seems imperative the rub be studied for a particular application. Otherwise, the

investigator can get lost in a sea of confusion due to the many varieties of rub and the
multiphcity of factors contributing to the phenomena associated with the rub dynamic
process. By studying a specific application, both the varieties of rub and their contributing
factors may be reduced to a tolerable level. This study centered on the effects of rub on
the vibrational response of the rotor and stator of a rotating machine caused by partial
rubs generated due to a limited level of unbalance-related synchronous vibration and a
static displacement of the rotor due to a radial preload force. Both dry and lubricated
contact surfaces were used in the tests. From a macroscopic view of the rub process, both
types of rub could be reduced to a set of parameters that describe the additional forces on

the rotor and stator caused by the rub. The experiments with dry contact surfaces allowed
the acquisition of actual rotor-to--stator contact initiation times and contact durations,
monitored by electrical contact devices. The rotating systems analyzed and used for
experimental tests were limited to not more than three vibrational modes and the

operating rotative speeds kept below the third balance resonance. Some preliminary
testing was performed to determine the change in rotor vibrational response due to rub
caused by excessive synchronous vibrations and limited radial displacement (eccentricity)

of the rotor. The testing indicated that rub causes significant alto.rations in the vibrational
response of rotating systems. A correctly functioning rotating system, without
malfunctions, produces a small synchronous vibration response due to residual unbalances
plus a small static centerline deflection due to constant radial preloads such as gravity,
process flows, or other external forces. Often, _specially for pumps, the forces from process
flows can be significantly larger than the force generated by gravity and the rotor mass. As
was mentioned earlier, rub was induced and its severity controllec by using a radial static
preload force which results in a static radial displacement (eccentricity) of the rotor.
Under these conditions, and when the rotative operating speed exceeds twice first balance
resonance frequency which is true for the HPFTP, as well as the HPFTP simulation rig

cases, light rubbing produces predominantly subsynchronous vibration with a half of the
operating speed frequency (i.e., 1/2×).

The 1/2× frequency component in the vibration response usually exhibits a very flat reverse
I! I!

orbit which produces the figure eight shaped orbits when mixed with the 1× component
normally associated with rotor unbalance response. As the rub increases in severity, the

subsynchronous components tend to decrease in amplitude until they virtually disappear.
They are then replaced by 1× vibrational components along with increasing amplitudes of
super synchronous harmonics (2x, 3×, 4×, etc.), and components with natural frequencies of
the system. This results in flattened, elliptically shaped orbits that seem to bounce around
a center location. Rub at one discrete axial location along the rotor produces changes in
the vibrational response of the rotor at all axial locations. The changes are more severe at
the axial position of the rub occurrence and tend to decrease, or soften, as the distance
from the rub location increases.

The stiffness of the stationary element against which the rotor rubs, has a large effect on
the rotor response during rub. The vibrational iesponse modifications due to rub described

in the previous paragraph would occur in a system in which the stator stiffness was
relatively high. Most rotating systems would probably fall within this category. As the
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stator stiffness is decreased the. rotor response would be affected less and less. The entire
energy would be then transfe_ed to the stator.

The rotor vibrational response modification discussed earlier were for preload-induced

rubs. The situation gradually changes when the preload and resulting rotor eccentricity are
reduced and rotor unbalance increased. Preliminary tests indicate that for light rub
conditions the fractional subharmonics g_nerated for preload induced rubs are not present
when rubbing is generated by excessive synchronous vibrations. Instead, the response
frequency content is synchronous,, with components at system natural frequencies also
appearing in the spectrum. This produces a star-shaped orbit, instead of the "figure
eight". The star shape indicates largely reverse orbiting. These types of rubs tend to
progress into a full annular rub for increasing rub severity. The comments pertaining to
axial propagation of the vibration modification, and the role of stator stiffness in these
modifications discussed above are also valid for this class of rubs.

Surface conditions of the rubbing elements have an influence on the vibration response
modification. They do not change the qualitative description given above, but have a
drastic effect in determining the transition point from light to heavy xubs. However, due
to the destructive nature of the rub, surface preparations to minimize the effects of friction

would probably be ineffective. The damage to the contacting surfaces continually changes
the surface conditions of the rotor and stator at the rub location. R.otors and stators with

several initial surface finishes of the contact areas were tested under rubbing conditions.
Over the duration of the tests the differences in the surface initial characteristics had little

or no effect on the vibration response modifications described earlier. However, material
removal from one surface which is deposited on the other can have drastic effects on the
vibration response. For example, the build up of aluminum on the steel rotor during
contact with an aluminum stator assembly changes the coefficient of friction between the
_wo contacting surfaces from 0.47 for aluminum on steel to approximately 1.5 for
aluminum, on aluminum. This drastic increase in the coefficient of friction between the

contacting surfaces produced extremely violent rubs during the te_,ts on the HPFTP
simulation rig until the steel shaft was cleaned, thereby reducing the coefficient of friction

to its original value. The changes in the surface characteristics of the rubbing surfaces and
the material removal/deposition encountered in the rubbing process are virtually
impossible to predict or control under operating conditions.

In order to study the rub phenomena from a parametric viewpoint, a mathematical model
of the target system was generated. This model includes all the parameters that influence

the linear system response as well as those governing the motion at the contact. Due to the
high nonlinearities and impact-related accelerations encountered during the sudden
rotor/stator contact, the appropriate numerical algorithm used in the calculations had to

be selected for the stabihty of its solution. The RUNGE-KUTTA algorithm chosen for the
computer simulation program developed during this study is very stable and produces
accurate results as Ion E as the integration variable step size multiplied by the acceleration
term is kept small. To maintain reasonable size data buffers, some form of variable
integration step size was mandatory. In other words, if an integration variable step size is
selected for the impact conditions, the personal size computer memory would be filled
before enough revolutions of the shaft had been computed to allow the initial transient

responses _o decay enough to reach Lhe _teady--state response for the system. The
simulation program developed can be used to identify the effects on the _otor vibrational
response due to parameters that are difficult to control during experinLental tests, such as
stator stiffnesses, coefficients of friction, and impact restitution ,:oefficients.

The hypothetical sequence of conditions leading to the possibility of rub in the HPFTP
focuses on the increasing preload on the rotor generated by the hydrogen exiting the final

O2280 " 744 ,_



I!
l

/"

l
I
[

pump stage. "This sequence of events would result in a static radial displacement of the
rotor. Based on the discussion of the rub variety presented earlier, the following vibration
response changes should occur. Since the operating speed of the HPFTP falls between two

and three times the system first natural frequency, when the flow increases enough, to
provide a preload adequat-e to initiate light rub conditions the vibration response should

shift from predominantly 1× frequency components to 0.5× components. The pump would
probably not survive the transition to the heavy rub condition; therefore, the change from
0.5× fi:equency components back to lx and higher harmonics for the heavy rub might never
be seen.

I.

It is obvious that in the dynamics of the HPFTP the flow plays the major role. The flow
provides the major radial preload force, and the flow irregularities act as instantaneous
impulse forces applied to the rotor. Finally the flow circumferential shaft

rotation-generated component is responsible for possible whirl/whip inst2_bilities of the
rotor, l_ub occurs as a secondai_y effect of rotor high eccentricity resulting from the
load, or high amplitude transient motion due to flow impulse forces, or finally due to
whirl/whip vibrations. The control of the flow would provide better performance of the
HPFTP, and prevent rotor rubbing.

The appearance of the close-to-a-half rotative speed subsynchronous frequency
component in the _.PFTP hot fire test results proves that there is a problem. T_,e HPFTP
operational speed falls between, second and third natural frequencies of the to,or lateral
modes. The rotative speed to first natural frequency ratio is 2.26. When the rotor rubs

the system stiffness increases and natural frequencies increase. This causes the operating
_peed to first natural frequency ratio to decrease, and become closer to 2, however in a

dynamic transient manner, following the irregularity of rub occurrences. This explains
differences in frequencies of the subsynchronous components of vibration. The latter most

probably should be correlated to the first natural frequency of the system. The flow
irregularities certainly contribute to impulse excitation of this transient component.

A redesigned version of the HPFTP should take into consideration specific ratios of
operational speed versus natural frequencies in order to avoid magnification of the
subsynchronous vibration by combining two effects: the half-frequency partial rub and
impulse-related transients.

The method of rub detection within the HPFTP explored in this study is based on the

modification of the rotor vibrational response due to +.he rub and how this response might _'
couple through to the casing. In order to obtain and evaluate the rotor response some form
of displacement transducers measuring direct rotor motion need to be installed in the

HPFTP. The frequencies of interest generated by the rub phenomena, at least at the
inception of rub when it should be detected, are predominantly subsynchronous. This
would suggest that at least for hot fire testing, the eddy current displacement transducers
observing shaft motion should be used, since they provide high sensitivity at low
frequencies, including zero frequency rotor static displacement. Test results indicate that

for low casing stiffiuesses a sufficient motion due to rub is transmitted through the casing. '_
Under these conditions, casing mounted transducers (such as accelerometers or velocity

. pickups) might be used to detect the inception of rub. theHowever_
as casing stiffness is

increased, less and less rub-related motion would be transmitt.d through the casing to the
transducers, eliminating the effectiveness of the casing-mounted transducers to detec_

L rubs. In addition, these types of transducers have limited sensitivity to detect low
frequency viblation components. The proxiroity transducers properly located along the
rotor, and enhanced by once-per-turn, KEYPHASOR-type marker would provide

L additional information, valuable for determining operating conditions, such as rotor l

t
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eenterline movement, vibration amplitudes and rotor mode shapes, resonant frequencies of
the system, fluid-induced whirl/whip instabilities, etc.
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'- APPENDIX 1

_i DATA REDUCTION OF THE HPFTP HOT FIRE TAPES

A.I.1 Introduction

_i provided by NASA was reduced to determine the
The data from the HPFTP hot fire test

• factors contributing to the HPFTP rotor dynamic behavior. Of special interest was a small
subsynchronous vibration occurring at approximately one-half running speed frequency.

A.1.2 Data Reduction

[: Transducer locations at the HPFTP are as shown in Figure A.1 supplied by NAS A alongwith thedata tapes. The first run selected for data reduction was number 750-268 (NASA
• notation). Figure A.2 presents the relationship between HPFTP rotative speed and time,

the data supplied by NASA. Since the recorded data did not contain the Keyphasor

L channel (once-per-turn marker), the first step in the data reduction to locateprocess Was

a signal suitable for use as a Keyphasor. The signals from the radial probes indicated the
existence of a glitch (discontinuity in vibration amplitude), caused probably by a notch or '
irregularity on the impeller surface being observed by the noncontacting proximity probe.
It would serve as a Keyphasor signal. The probe at the 8 o'clock radial position was

selected as the Keyphasor. For rotor dynamic behavior, probes mounted 180 degrees apart
produce redundant information; therefore, only the data from two of the four radial probes

{_ was reduced. The data from the probes at 8 and 11 o'clock were selected for processing.
The first reduction pass consisted of recording the variation of the rotative speed (Figure

A.3) and Ix filtered vibration component (Figures A.4 and A.5) as functions of time for the

test duration. The speed profile cbtained from the t_pe matches the one supplied byNASA (Figure A.2) almost perfectly. The lx filtered amplitude is very small and is
inversely proportional to rotative speed changes. It also shows some transient behavior at

approximately 3 minutes into the test. The data from the pressure transducers (Figure
A.6) shows at the same time a sudden pressure drop at the 8 o'clock location. This would
indicate that the transient process in the vibration data was a transient reaction to this
pressure drop.

f The next step in the data reduction process was to obtain orbit, timebase, and spectral

information on vibration of the HPFTP rotor at the radial probe locations for different
operating time points during the test. This data is presented in Figures A.7 to A.22. The

_!iI shaft orbitsare basicallycircularwith two excursions caused by the signalspike (glitch)

_ being used a_ the Keyphasor signal. There is only one Keyphasor mark on the orbit,

indicatingthe motion ispredominantly synchronous with the rotativefrequency (lx). This

synchronous motion is probably caused by the residual unbalance in the rotor being

restrained by supports with laterallysymmetrical stiffnesses.The spectralinformation

confirms that the majority of the motion islx with small amounts of higher harmonics 2x,
3x, and subsyncl_onous component with frequency close to 19,000 rpm. The 2x and 3x

components can be caused by nonlinearitiesin the system, including the impeller surface

notch--correlatedsignalspike. The lattercan be well seen in the time--ba,_ewaveforms andorbitspresented in Figures A7, A9, All, A13, A15, A17, A19, and A21. The signalspike

resultingin a high irregularityof the sinewaveform is most likelythe highest contributor

_i to the occurrence of higher harmonics in the rotor response spectrum. The small

subsynchronous signalat slightlylessthan 19,000 rpm is probably caused by background

noise forcesexciting the firstbalance resonance vibration (with natural frequency of the

'- first la!eral mode. of the system). The probability of two other major causes of

suosyncnronous vibrations,namely rub and fluid-induced whirl/whip, isreduced forthe



following reasons. The rub should rather produce an exact 0.5× subsynchronous component
as it is strongly rotative speed dependent. The observed subsynchronous component seems
to be independent of rotative speed. The flow-related whirl/whip is harder to discount.
The whirl is easily rejected as it again would be a function of rotative speed; however, the
whip would appear to be independent of rotaries speed and excite the first balance
resonance of the system. One of the two reasons that background noise forces were selected
as the probably cause over whip is that whip most often produces large response
amplitudes, usually larger than the ix vibration amplitude. The other reasonbackgroun d
noise was selected is based on the relative amplitude of the subsynchronous displacement
peak to the adjacent frequency signal levels. The peak is only 2 to 3 times higher than the
signal level around it, indicating selective amplification of a general broadband noise force.
Other plot formats emphasizing the independence of the subsynchronous signal from
rotative speed and its relationship to surrounding vibration levels are shown in Figures
A.23 to A.27.

The last piece of information obtained is the spectral content from two of the axial probes.
This data (Figures A.28 to A.31) show small lx vibration amplitudes due to cross coupling
between the lateral and axial vibrations.

A.1.3 Conclusions and R_commendations

The major vibrationresponsein the system isrepresentedby a small Ix (synchronous)
component which ismostly due to theresidualunbalancein the system. There aresome 2x
and 3x components (higherharmonics)inthe response,generatedby system nonli_ne.a_ities,
includinga signalspikefrom some surfaceirregularityon the impeller(itmight be an
initiationofa crack!).This effectwas discussedin the previoussection.The othersignal
of interestwas the small subsynchronous vibrationwith the frequency approximately
19,000rpm. This isprobablythe firstbalanceresonancevibration(bendingmode) being
excitedby broadband background noisesdue to uneven processfluidflow,background
vibrationcoupled through the test stand support,etc. It was unfortunatethat the
operatingspeedforthe HPFq]P occursat almosttwicefirstbalanceresonance.

Another area of concern theftneeds to be addressedis the number and locationof the
transducersm the eddy currentproximity probes, as well as the correctnessof the
vibrationdata acquisitionsystem. The vibrationdata obtainedfrom the currentprobe
locationallowed some conclusionsto be drawn concerningthe rotorbehavior;however,
much more could have been learnedwith betterprobe placement. For instance,ifradial
probeshad been locatedat severalaxiallocationsalongtherotor,accuratemode shapesfor
the rotor could have been determined. If the number of probes are limitedby some
structuralor other considerations:they should be placedwhere mawr vibrationproblems
areexpected Only two XY probespe_ axiaisectionofthe shaftarerequired(fourof them
givere'dunda_ntinformation)_Probesin the vicinityof the fuelexitcouldshow rotorbow
and misalignment caused by the process flow and also would be more sensitiveto
associatedvibrationdata (due to rubs,etc.).In orderto correlatethe vibrationsignal
frequenciesto the rotativespeed,one Keyphasor probe (producingone--per-turn_signal)is
required.The Keyphasor probe providesalsoimportant phase meas_ements. For future
tests,we stronglyurge consideringselectingprobe locationsto maximize the useful
vibrationdata. Along thesesame lines,itwould alsobe beneficialifthe start-up data
beforethe test,and the coast-down data afterthetest,couldalsobe recordedon tape.

The proximityprobesprovideextrem_y usefulvibrationalinformationforsignalswith low
frequency,includingstaticpositionof the shaft. The positionof shaftcenterlineduring
dynamic motion representsextremelyimportantinformation.From thisinformation,flow
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dynamic actions, u well as rotor-to--stator rubs, c_be estims, te d- The !a._kfoO_ the shaft
cente_line position data from the HPFTP hot nre test leaves a o_oaQ m_8_ guessing,
not substantiated by test recorded evidences.
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PLANT ID# B.R.D.R.C.
TRAIH ID# NASA TEST 75@-268

MACHINE ID: ENGINE 2@12

PROBE #I ID: PROX 8 O'CK RADIAL
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FIGURE A.7 ORBIT AND TIMEBASE DATA FOR TES_ 750-268, TAKEN 60
SECONDS FROM ENGINE START.

755



RUN: 1A DATE:

IX FILTERED Ar.IP =
IX = 3e485 RPH

PLRNT ID: B.R.9.R.C.

TRAIH ID# NASA TEST 758-268
MACHIHE I9# EHGIHE 2812

PLOT NO:

TIME: 88:50:13 PROBE I_: PROX S O'CK RADIAL

.14 TO .15 MILS, PK-PK

TIHE AVERAGED - 16 SAHPLES
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i
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RUN: IA DATE:

1X FILTERED AHP =
1X = 3e421 RPM

TIHE: 88:51:27 PROBE ID: PROX 110"CK RADIAL

.14 TO .14 MILS_ PK-PK
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FREQUEHCY (Event$/Mtn x 1886)

SPEC PLOT CORRESPOHgS TO 68 SECOHDS FROM EHGIHE START

FIGURE A.8 SPECTRAL DATA FOR TEST 750-268, _, AND ll O'CLOCK
PROBES, TAKEN 60 SECONDS FROM ENGINE START.
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8e SECOfIDS FROH ENGINE 8TRRT

ORBIT-TIMEBASE DATA FOR
SECONDS FROM ENGINE START.

757

TEST 750-268, TAKEN 80



BEHTLY

H_'VAOR

CORP.

RUNs 3A DRTE:
1X FILTERED RMP =

IX = 31510 RPM
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0._0 .......................... • ........................

_o L_ .... • ' ' ° ' " ' .... ° ° ...... ° ............... ' .... ' ° ' °
v

I

o. B. LO ..............................................

.J

H B.05 ..............................................Z:

J /.\ A ............... ':_lll04::' ': h-, : : H, , i J ! i , | , , , • ,

lwq m-m

FREQUEHCY (Events/Min x 1000)

SPEC RESULTS 80 SECONDS FROM ENGINE START

FIGURE A.10 SPECTRAL DATA FOR TEST 750-268, 8 AND Ii O'CLOCK

PROBES, TAKEN 80 SECONDS FROM ENGINE START.
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_I,-.1!

! CORP. PII_CHIHEID: EHGINE 2012 _il

RUNt 5 DQTE: TIME: 11:27:51

I'_'_ PROBE #I ID: PROX g O'CK RRDIRL ORIENTRTIOH= 240 DEC

ZX FILTERED iX VECTOR= .13 MILS PK-PK g-2?g

r
I t
t PRO_E #2 ID: PROX 11 0 CK RRDTRL ORIEHTRTION=
'--" IX FILTERED IX VECTOR=

330 DEG

.13 MILS PK-PK g-1?g

I ROTRTION: CCW

RPM($TRRT)= 31690 RPM(EHD)= 31712

{

t

L

....... i.,..., + ...... +......: ............. + ...... ; ...... ÷ ...... ;.......

._ [ _ .= ! .= : :

.......i'"'"t ......t"'"'P'"'"_'"'t .......':......t ......i.......
....._......+......+..........,/j ......+.............,......,.......

t ' ; i

,. .l ...... $ ...... $....... 4,...... $...... t.......

t ......
......._......$ .o+... $...... _...+..i......+i, ...... $....... >...... i-....+

: : : = i +
| .....

.......l.......ll ...+..@...... i.......i.., o.. @...... @...... @ ...... i.......
." l ! ++ _. !
! t + t + -:

....... .:'"'"'p ...... '+....... -"....... t ...... + ...... ÷.....................
+ ; t + ! !
+ + : : : :

RMP 5CRLE= ,_a M_LS/OI;V

.,....................+....................+....................+....................+...................+
I::::::::::::::::::::::::::::::::::::::::::............::::::::::::::::::::::..........::::::::::

......:+ .......
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ........

..................+.:....................i...................._....................!...........

I....................+....................i....................+....................i ....................
....................+....................i....................+...................._....................

..........:+,.:_..'._.................._,,,,,+.%, .......+.........._ ..................

_:::.........i?ii,._i............+_d::ll,.++..,:
....................+..................i................. +...................._..................
.................... $ .................. i ................... _ .................... i ..................l:::::":::::I: : T.::: ::::i::I

TIHE 5CRLE = 1.a5 MSEC/glV

[:

I .

,:L
=,!

OTB RESULTS tgg SECOHD$ FROM EHGINE STRRT

FIGURE A.II OP.BIT-TIMEBASE DATA FOR. TEST 750-268, TAKEN 'tO0

SECONDS FROM ENGINE START.
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BENTLY
NEVROR

CORP.

RUN: 5A DATE:

IX FILTERED AMP =

IX = 31734 RPM

PLANT ID: B.R.D,R.C. PLOT NO:

TRRIH ID: NASA TEST ?58-268

MRCHIHE,ID: ENGINE 2012
e

TIHE: 11:32:83 PROBE ID: PROX 80'CK RRDIRL

.13 TO .14 MILS, PK-PK
AVERAGED - 16 SPECTRA

RUN: 5A DATE:

IX FILTERED RMP =

IX • 31736 RPM

TINE: 11:32:53 PROBE ID: PROX 110"CK RADIAL

,13 TO .13 MILS, PK-PK
RVERAGE9 - 16 SPECTRR

_O_ , • • • , * 0 * ° ..... 0 • . 0 ..... • 0 . 0 0 • • 0 0 _ ° 0 , • ° • ° ° • , ° • , 0 •

v

I

.J
H

B.[5

B. Lg

B.l_5

B._g

0 • ° • ° o ° ° • . 0 ° ° • 0 • , o ° • ..... ° • _ ° • ° ° ° . ° , ° ° ° ° • , ° ° ° , 0 •

N

, ° • • ° • .... • ° ° ° • • ° ° • ° • ° • ..... I • , o , , • • • ° o • , , , ° , . ° •

• ° ' ° I ' ' ' ' | ' ' ' '

¢M

I

FREQUENCY (Events/Min x le@@)

SPEC RESULTS l@Q SECONDS FROM ENGINE START

- , ta;

o

FIGURE A. 12 SPECTRAL DATA FOR TEST 750-268, 8 AND II O'CLOCK
PROBES, TAKEN I00 SECONDS FROM ENGINE START.



BENTLY
NEVRgR
CORP.

PLRHT I0: B,R.D,R,C.
TRRIH I9: NASA TEST ?5g-26_
MRCHINE I9: ENGINE 2012

PLOT NO:

RUN: 6 DRTEi TIME: 11:37:13

PROBE #I ID: PROX g O'CK RRDIRL
IX FILTERED

ORIENTATION=
IX, VECTOR=

24g _EG
• t4 MILS PK-PK @-2gg

PROBE #2 ID: PROX 11 O'CK RflglRL
IX FILTERED

ORIENTRTIOH=
1X VECTOR=

330 DEG

.14 MILS PK-PK @-198

ROTRTION: CCN

RPM(STRRT)= 32274 RPM(EHD)= 32442

, lip _ :--

.......i......+......4......;.......i......._......"_......f......!.......
• , • , | } ; : :

.......i'"'"t......t......i.......'.....T......T......T......i.......

:ii ......t7_:_.:i ......t......!.......
'_d: .............._ ....r....._ .......................

.......i......L_-......-......i.......
! iii

...................._...................._...................._...................._....................I

===================================================================
===================================================================
...."" ........._.........k"" '_.................._-_" .........i........t:_
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

..................._,....................i ...................._...................._...................
....................÷....................•....................÷....................!
,....................$....................i.................. .i............ _ .,.....................
.........J._ ..................._,_ ........_............_ ...............

"............'.:'..:i'l::::!_' ::::::::[:.....................::::iV::.................................."-'.................i.................._.....................! .................
...................H.................!........._......._....................._.................

OTB RESULTS 12g SECOHD$ FROM ENGIHE STRRT

FIGURE A. 13 ORBIT-TIMEBASE DATA FOR TEST 750-268, TAKEN 120

SECONDS FROM ENGINE START.



BENTLY

HEVAgR
CORP.

RUN: 6A DRTE:
IX FILTERE9 AHP =

IX = 32395 RPM

PLRNT I9: B.R.D.R.C.

TRRIN I9: NRSR TEST 759-268
MRCHINE ID: ENGINE 2012

PLOT NO:

TIME: 11:40:10 PROBE ID: PROX 00"CK RRDIRL

.14 TO .15 MILS, PK-PK
RYERRC, ED - 16 SPECTRA

RUN: 6A 9RTE:
IX FILTERE9 AMP m
1X s 32396 RPM

TIME: 11:48:46 PROBE I_: PROX 110"CK RQglAL

• 13 TO ,14 MILS, PK-PK
AVERRGE_ - 16 SPECTRA

_,_b_ • * • • * • . ° ° • I . * • ° . • . ° • . . ° • . • ° • • . • . . . • ° ° ° ..........

q

I

.J

B. L5 ................................................

i

• * ' ' " " ° " ' ' " " II .......... ° .... * ............ " ......

I1

B._ ................................................

z i_. ts ................................................
t_
I

O. i_, LW ...............................................

.J
I-4

..... , ° .....

• I • ° , . . * ° . , ° ........ ° * ...... , * .......

,_ , ../_..,

FREQUENCY (Events/Min x 1000)

SPEC RESULTS 120 SECOH�S FROM ENGINE STRRT

FIGURE A. 14 SPECTRAL DATA FOR TEST 750-268, 8 AND II O'CLOCK

PROBES, TAKEN 120 SECONDS FROM ENGINE START.
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1!!

I..

tii-I

t
L

BENTLY
HSVRDR

CORP.
¢

RUN: 7 DRTE:

PROBE #1 IS: PROX g O'CK RRDIRL

IX FILTERED

PROBE #2.1D: PROX 110"CK RRDIRL

IX FILTERED

PLRHT ID: B.R.D.R.C.
TRRIH ID: HRSR TEST 75g-26g

MRCHIHE ID: EHGIHE 2912

TIME: 13:gg:21

ORIEHTRTIOH=

IX VECTOR=

O'RIEHTRTIOH=

IX VECTOR=

PLOT NO:,

24g DEG

.14 MILS PK-PK @-29g.

33e DEG
.13 MILS PK-PK @-196

ROTRTIOH: CCN
RPM(STRRT)= 32952 RPM(EH3)= 33852

,lri i i i ' .i i
.......t''"? ......t"""i .......t"_".'.......T.......-........

i i i ! ii_ i i i
.......i,i'+,......+....7...i......t....-......i.......
.... '...... '...&... " ..' ...... + ...... i ...... i ...... i.......I . + +!!!F_, +,
_-+'_;"-'t-"f' ................................+.L¢_-.++-l.i......L...i.......
"""T"__Il : : i _,._ l

I ! ! _-.'.,L.,"_..
....... l......i ...... ; ...... i ....... +...... $...."' .-+ ...... +...... _.......

i ! ! i i i i
..... i..... i ...... i ...... l....... i ...... i ...... ; ...... +......i ......

i i i i i i ! ! i

.......!......i......!......!.......!......!......!......T......!.......
RMP SCRLE = ._2" H[LS./O[V

...................._....................i....................+....................!....................I........................................!....................i .............}....................

t .......:::::::::::::::::::::::::::::::::..........:;_:;::;::=;:;;:;........:=::=:;:
............_.?...............'_:::: !................. ..............................

..._....+÷ ...................]!_<+.+............,÷._--+-'i'""","'-';'÷............. :....... +....

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::_....... _+, . _.-..

. ' : : .. J ............ : .......... . ......... '

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::..... .........i....................I
................. _..................... i-....,._............ '?......... _j_.._...I ................... '1

=::+-!_iiiii!i_ii:.iiiiiii!ii_i!i::_:._!!iiti_::!=:-.....iii!iii:iii:.tii!iiiiii_iiii!iii_l
TIHE SCRLE= 1 ,a5 MSEC/]:I:IV

I

l, I

i:!

t.

OTB RESULTS 14g SECOHDS FROM ENGINE STRRT

+_!ìL FIGUREA.15 ORBIT-TIMEBASE DATA FOR TEST 750-268, TAKEN 140



71" BENTLY
NEVADA

CORP.

RUN: ?R 9RTE:

IX FILTERED AMP =

IX = 33837 RPM

,J

PLANT ID: B.R.D.R.C.

TRRIH ID: NASA TEST 75_-268

MACHINE ID: ENGINE 2912

PLOT NO:

TIME: 13:B4:17 PROBE ID: PROX 80'CK RRDIAL

.13 TO .14 MILS, PK-PK
RVERAGED - 16 SPECTRA

']L'¢

I

i

RUN: ?A DATE:

IX FILTERED AMP =

11 = 28198 RPM

TIME: 13:94:55 PROBE ID: PRO,',.(11 O'CK RADIAL

@._)9 TO .13 PIIL$, PK-PK
RVERAGED - i_ SPECTRA

_m_ • ' ...... ' ............ ' ....... ' ° ' ' • " ° ............

| I I ! I I I 1 i I |

i

B.2_ ................................................

iii i

I

Q- i:, L_:

.1

Z _.105

i_,L_ ...............................................

B,_tt

o.1 T _J; 0p _) oj

FREQUEHCY (Euents/Min x 10_))

$PEC RESUL1;S 149 SECOflI_$ FROM EHGINE STRRT

FIGURE A.16 SPECTRAL D&TA FOR TEST 750-268, 8 AND ii O'CLO.CK

PROBES, TAKEN 140 SECONDS FROM ENGINE START.
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MIE"_i_-_ "_,..:;.3'_.....-.",L-._L'.'...

BENTLY
NEVRDR

CORP,

PLRHT ID: B,R,D,R,C.
TRRIH I9: NRSR TEST ?59-268

MACHINE IBt ENGIHE 2812

RUNt 8 DRTE:

PROBE #1 TO: PROX 80"CK RRDIRL

IX FILTERED

PROBE #2 ID: PROX 11 O'CK RRDIRL

tX FILTERED

TIME= 13:88:44

ORIEHTRTION=
iX VECTOR=

ORIEHTRTION=
1X VECTOR=

PLOT NO:

240 DEG

,12 MILS PK-PK @-294

3:30 BEG
,12 MILS PK-PK @-298

ROTRTIOH: CCW

RPM(STRRT)= 33?@8 RPM(END)= 33788

, I[P , . _ ,--_--

i i i i i i i i i

: . i .....L...,." i...._.......";......+.............
.... •oo ..... _ _ ; | : ! :

i i i _.... ......i.....i....._.......
.....o,t,..,,.y ...... ?,...,,=,,,... ;, ;

t ; t ! : ! : ,' :

.............&.......;.....;....;.......;......$......_......i.......

.._<_;.....!......i i...................
.......!......i......i....... ........'.............
............ $ .... _...... _..... , ...... , ...... • ...... , ...... , .......

......._......;......;......i.......i......_......-......-......i.......
! i i i i ! ! _ i

IMP SCIaLE = ,E)_ MIL..=./OIV

I,_,,......'........_....................;................_...............i.................":...............i ....................;....................+.........................................
...................,_ ............!......_,,,,,_...+...............:.,_.._ ...........

.............._.............. i,.,_...................... "L'"'; ...............I_:_;__.......:_ .............._ ........i l_
[!...."A_...... ,,_........ • ........... !.................. ? .................... •...............

........................................!..................;....................t_,...............................÷...................._.................t, ....................:....................

...... ; = . ._'.L ........ ' ..............

.................... :" = o • _ ........................ ,.,. .......
..,,,............... ,I,-..,....,..,,.......t....... . . #

:: :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
L,= : : -- . ,

T'_._E 5CRLE= 1, _5 MSEC/glV

4
_C

I .

OTB RESULTS 168 SECONDS FROM ENGINE STRRT

L

FIGURE A.l? ORBIT-TIMEBASE DATA FOR TEST 750---268, TAKEN

SECONDS FROM ENGINE START.
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BEHTLY

NEVRDR

CORP.

RUN: SR DATE:

IX FILTERED BI!P =

IX - 33778 RPM

PLANT ID: B.R.D.R.C.

TRRIN ID: NRSR TEST 759-268

MACHINE ID: ENGINE 2912

PLOT HO:

TIME: 13:12:29 PROBE ID: PROX 80tCK RRDIRL

.12 TO .13 MILS, PK-PK
AVERAGED - 16 SPECTRA

RUN: 8R DATE:

IX FILTERED AMP =

iX = 33748 RPM

TIME: 13:13:22 PROBE ID: PROX 110"CK RRDIRL

.12 TO .13 MILSp PK-PK
RVERAGED - 16 SPECTRA

B.2_

B.t_
O.
t

v

_L B. L_

.J

_._

...... i ...... I ................................

B,2_ ................................................

_, L_ ................................................v

v

..J

x- _.85 ............

_q

FREQUENCY (Events/M1n x 1899)

SPEC RESULTS 16_ SECONDS FROM ENGINE STRRT

FIGURE A.18 SPECTRAL DATA FOR TEST 750-268, 8 AND Ii O'CLOCK
PROBES, TAKEN 160 SECONDS FROM ENGINE START.
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BEHTLY
NEVAgA

CORP.

PLANT ID: B.R._.R.C.

TRAIN 19: NASA TEST 750-268

MACHINE ID: ENGINE 2_12

PLOT NO:

RUN: 9 DATE: TIMEr: 13:34:51

PROBE #i ID: PROX 8 O'CK RADIAL

IX FILTERE_

ORIENTATION=
IX VECTOR-

248 _EG

• 11 MILS PK-PK @-296

PROBE #2 19: PROX 11 O'CK RADIAL

IX FILTERE9

ORIENTATION=

iX VECTOr=

338 9EG

.11 MILS PK-PK @-2@@

L

I_

I

ROTATION: CCW

RPM($TART)= 34466 RPM(EHD): 34446

lip

! ; : : : : : : :............t ......÷......I.............+....,.+......÷......_.......

.......i......t ......t ......!.......i......÷......+.......':......!.......

I.............+......+......i.......!J_'"+......-:......_.......i.......

.......i......i......i......i,.._:...i......i......i......!.......

......., : ,......i:......:i.......
.I.......!.....__ ......!......!......!.......

l .i.,|! _ ! ! " i i i

....... i ...... $...... _,...... i....... i ...... ,i,...... _....... $...... i .......
i ! i _ i i ! i i

.......i......;......i......i......._......:......-"......i......i.......

AMP BCRLE= ._2 MILS/OIV

. .( . .

...... o,,° .......... '_" ,°-o°,o°°°..°°-,o,i° ....... .,_..,°°,°o °,_,,o,,°°, ......... ºo°,oi° ........ ,°,o,°,°o,°,

...... o_,.o o/, ...... ....°..,,°°:..,,.. ,.°,,.°,,.,°,,,%.o,,.°.,..,,,,.,°,,.:,.,..,. ,,,,,, ° ....

• ...,.°,,.,...,,.,,. ¢ ........ ,°.o°.,-.,.1,.°,... ............ ,¢ ,.°,,.o. ............ # ...... ,.,..,°, ......

•:..............._ .............i......."'"" ............._ ..................

.................... i .................... i .................... _ .................... l ....................

.................... $ .................... i.................... ,_.................... i....................

....................t ....................i....................t ....................i....................

21ZZ:;.........._ZZZZILZII........IZIZ211iZIZ221"2_I!ZIZZ2ZII_

'_': N_:i ..........._._i
ii!ii!!iiii!iii!iiiii.iii?iiiEii!iii................!:!iiii!i::!ii!i!i!!i:ii..ii!iii!?:iiiii!iiiiiii!

TII'IE SCALE', 1,25 M_EC/illV

i

t_

l

L

|

OT_ RESULTS 1.88 SECOHg$ FROH ENGINE START

FIGURE A.19 ORBIT-TIMEBASE DATA FOR TEST 750-268, TAKEN 180
SECONDS FROM ENGINE STAP.T.
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BENTLY PLANT ID: B.R.D.RoC.

NEVADA TRRIH ID: NASA TEST ?50-268

CORP. HRCHIHE ID: ENGINE 2012

RUN: 9R DATE.: TII.1E: 13:4I:07 PROBE

iX FILTERED RHP = .10 TO .11 MILS, PK-PK

IX = 34428 RPM AVERAGED - 16 SPECTRA

ID:.PROX 8

RUN: 9R. DATE: TIME: 13:41:53 PROBE

1.X FILTERED AMP • .10 TO .11 MILS_ PK-PK
IX • 34482 RPM AVERAGED - 16 SPECTRA

ID: PROX 11

_Q_ , • , , , . . , • • • • , , , • • 6 , I , , • . • , • • , , • • • i , • • , . • • , * , •., = •

0-
I

g=

=-
_1
I,,,4

0. L5

0.00

....... ° ....

0.20 , . , . . _ , ° • • , , * , • * • , 0 , • • * • , , . ° * * • ...... . ° • ° ' * 0 " * ' °

v
iL
I

..J
I-,,I

0, L=

0.66
A A

' ' i ° ' ' ' I ' ' ' ' I ' '' ' I '' '' I .... I '' ' ' I ' ' ' ' I ' '' ' I

PLOT HO: .....,_

'1
O'CK RADIAL

O'CK RADIAL
I

o

FREQUENCY (Events/Min x 1000)

SPEC RESULTS 180 SECONDS FROM ENGINE STRRT

FIGURE A.20 SPECTRAL DATA FOR TEST 750-268, 8 AND Ii O'CLOCK
PROBES, TAKEN 180 SECONDS FROM ENGINE START.
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.!i

i "_'ii

I

iL

w_

}

-_} I_.

_-!

_ENTLY
NEVADA

CORP,

PLRNT ID: B.R.D.R.C.
TRRIN ID: NRSR TEST ?58-268
MRCHIHE I_: ENGINE.2012

RUN= 10 DRTE= TIME: 13=45=52

PROBE @1 ID: PROX @ O'CK RRDIRL

IX FILTERED

ORIEHTRTIOH=

IX VECTOR=

PROBE #2 ID: PROX 110"CK RRDIRL

IX FILTERED

ORIENTATIOH=

IX VECTOR=

ROTRTION: CCH
•RPM(STRRT>= 35@66 RPM(END)= 35168

.............,......:............................,.............:.......

.......i......÷-....÷.,.-,_.........'......._......+......._......i.......

.......ili......& ......&i i _i I ! i............." ....& ......& ......&......i.......

...... i......!......i.......
iii  i ii:11:!1111:!:i::

° , , °
.......o......* ......&......i.......i......i ......* ......•......_.......

i ! i i _
,..,,.l.,,..._,,..,.,_,.....i,o,,...i..,o,,_...,,._......_..°,.,!.......

.......i....................!..................................._.......
RMP SCRLE = ,@2 MIL._/O£V

OTB RESULTS 2@@

FIGURE A.21

PLOT NO:

240 DEG,
• 10 HILS PK-PK @-29@

338 DEG

.$@ MIL_ PK-PK @-2@4

....................& ....................i...................._,....................;....................

....................-....................i....................-....................i....................

...................._ ............_.,,.._...,....'............_._'....................
_:.,_..........,_._......._,_....._.._,..........p_._........;,_:.......;._.,_.........j
t....'w,,,,,,_.....,_......J......':,,,.,,,,e:.................,...'A%..,_... :_......-,_,,,._--....................._......_i..........i .............._,.,._....'L...I'.ZIIIiLIIIIII......iii
...................L...................._....................÷ ....................;....................'...................._....................i....................._....................i....................

° . , ,
....................&....................i....................$ ....................i....................

....................'.'....................i...................._....................i....................

....................?....................!...................._....................!....................

======================================

................_ .................1ii'"1:_...........";..............r'"i....................

TIt.IE 5CRLE= 1,25 P.I_E,3/I_IV

SECONDS FROM ENGINE STRRT

ORBIT-TIMEBASE DATA FOR TEST 750-268, TAKEN 200
SECONDS FROM ENGINE START.
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/ .-m-LSL . . , - . ...................

' _EHTLY

!!il ' _i CORp.NEVRDR"

RUN: 18R DATE:

IX FILTERED AHP

iX = 35164 RPM

RUN: 18R DATE:

IX FILTERED AMP =

IX = 35167 RPM

PLRHT I9: B.R.D.R.O.

TRRIH ID: HRSR TEST 758-268
MRCHIHE ID: EHGIHE 2_12

PLOT NO:

TIME: 14:14:38 PROBE ID: PROX S O'CK RADIAL
,_9 TO .I0 MILS, PK-PK

RVERAGED - 16 SPECTRA

TIME: 14:15:14 PROBE ID: PROX 11 8"CK RADIAL
,18 TO ,11 MILS, PK-PK

AVERAGED - 16 SPECTRA

v
_L.
I

B._6 I ................................................

P.15 ...............................................

_" _.l_ ...............................................

trl
.J

=: _._5 ......... . ....

I i 1 I I i i I I i I _ It

m,q

B._8 ................................................

•V 19.L5 ................................................

v
0. 19.Lt_ .................................................

,_ f9.t95 ...........................................

, , "t -'; .... ',-- ", , , , , :.................................... , ;-: 7 ; , : , ; ,_ ;

FREQUEHCY (EvenCssMtn x 1880)

SPEC RESULTS 2E)O SECOHD$ FROM EHGIHE STRRT

t

FIGURE A.22 SPECTRAL DATA FOR TEST 750-268, 8 AND II O'CLOCK
PROBES, TAKEN 200 SECONDS FROM ENGINE START.
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l •

BENTLY
NEVRDR

CORP,

RUNUP

RUN: 2

PLRHT ID:
TRRIN ID:
MRCHIHE ID:

PROBE ID:

DRTE: 14 JULY 8?

PLOT NOs

B.R.D.R.C.
HRSR TEST ?58-268

EHGIHE 2_._12
PROX 8 O'CK RRDIRL

TINE: 11:11

_g

X

O_
v

L_
W
0.

l.-I

(9

=

=s

=

Lr;
I'M

>

I:Q

W

,,z
n
I
z
r_

I,,-;

s-

I

I.d
.J
rr

n

FREQUENCY (EVENTS-MIN x tBeB)
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FIGURE A.25 PEAK HELD SPECTRAL DATA PROFILE FOR RUN 750-268.
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SECONDS FROM ENGINE START.
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FIGURE A.31 SPECTRAL DATA FOP,. TEST 750-268, AXIAL PROBES, TAKEN

180 SECONDS FROM ENGINE START.
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INFLUENCE OF RUBBING ON ROTOR DYNAMICS

Agnes Muszynska, Ph.D.

Wesley O. Franklin

Robert O. Hayashida
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Minden, NV 89423

ABSTRACT

This paper presents the progress report from the experimental and analytical

studies on the influence of rubbing in rotating machines, with direct application
to the space shuttle hydrogen turbopump. The dynamic response and vibrational

pattern of the rotor when rubbing occurs is carefully measured and correlated

with various physical factors such as rotative speed, impacting conditions,

dry/lubricated Friction, system stiffness modifications, mode shapes and un-
balance.

A categorization of rub-related dynamic responses of rotors, as well as pattern

recognition for identification of such machine malfunction, emerges from this
study. Mathematical models of the observable physical phenomena are built.

These models can be implemented in more complex, computerized rotor dynamic
analyses.

I. INTROOUCTION

Improving machine efficiency, by increasing the power and operational velocity

of machines, represents a significant trend in technology. In rotative machines,
higher efficiency is often achieved by tightening operating clearances between

stationary and rotating elements. Reduced clearances lead more frequently to

rotor-to-stator rubs. The most common types of rubs in rotating machinery are

blade tip rubs and seal rubs. Both are caused either bycasing distortion or by
the displacement of the rotor centerline and/or high rotor vibrations, which are,

in turn, caused by imbalance, gravity force, various radial preloads, fluid
dynamic fqr_ces, thermal expansion, misalignment, etc.

Rub occurs, therefore, as a secondary effect of some initial machine malfunction.

Once a rotor starts rubbing, however, this effect becomes dominant in the dynamic

response. Vibrations may become violent. They can easily cause serious damage
and even lead to machine catastrophic Failure.

2. CHARACTERIZATION OF RUB PHENOMENA IN ROTATING MACHINERY

2.1 Definitions

I .^_.t:_ance_andcons,sts.o/ maln!otatlve motion of the shaft (together wlth all

mm_ ._ ,u_.,,y _f_men{s assocla_ea wltn the snaft) performed with an appropriate

' _ rotative speed around the appropriate axis. This main motion can be accompanied



by a limited level of lateral/torsional/longitudinal vibrations (parasitic
motion) of the rotor itself and a limited level of vibration of stationary

(nonrotating) parts.

Rub in a rotating machine is a malfunction condition associated with the physical
c-6_tact of rotating and stationary parts which otherwise should not be in con-

tact. As a result of rub the "normal operation" of the machine is affected. Rub

changes the system force balance and dynamic stiffness, which results in modifi-
cations of the machine motion. The effect is usually associated with a decrease

of the amount of energy in the main motion and an increase in the level of

"parasitic" motion.

2.2 Rub-related chan_es in the rotatin_ machine force balance and dynamic
stiffness

2 2.1 Coupling effect. Due to the physical contact of the rotating and station-

ary parts, the mechanical structure will be involved in motion changes. This
effect is similar to coupling an additional structure to the existing ("normal")

structure. Since the rub-related coupling is usually time dependent {on/off

periodic type), the system dynamic stiffness also becomes periodically time

dependent. The rub coupling effect will vary with:

contact normal forces

contact surface area

flexibility (degrees of Freedom) of the contacting elements dynamic
stiffnesses of the normally operating structure and the additional,

coupled additional, coupled structure (strong/weak coupling)
time of contact versus time of separation;

Parameters of concern for mathematical modelization are:

"normal operation system" and "coupled system" spectra of natural fre-

quencies and corresponding modes

function of coupling and decoupling relationship versus time and its
relation to rotor unbalance.

!!
,I

2.2.2 Stiffening effect: An additional effect of rub-coupling results in stiff-
ening of the shaft as It is forced to rotate in a bent position. This results

in an increase of the system rigidity and a slight increase of the natural fre-

quencies.

Parameters of concern for mathematical modelization:

• stiffnesses of the normally supported shaft and bent shaft.

2.2.3 Friction effect. Friction accompanies the relative motion of rotor/sta-
tionary parts during their contact. It produces the usual friction-related

effects: wear (grinding, pitting) of the rubbing surfaces together with heat

generation (up to metal melting temperatures). Since the rubbing surface rela-

tive tangential velocity is usually high, the destructive effects of friction

can be extremely strong producing significant damage within very short time.

Friction is a nonlinear phenomenon. Due to the wear effect, the surface rubbing

conditions change very fast with time. This may lead to either widening clear-

ances and elimination of the contact or to an enlargement of the contact surface

:-!I 782
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area (breaking-in effect). Therefore, in a short time either rub stops (causing
some short-time transient conditions for the rotor system) or rub will continue
with further continuous modification of conditions and dynamic responses.

Parameters of concern for mathematical modelization:

• normal forces at the contact surfaces and contact stresses
• surface area of contact
• friction conditions (dry/fluid lubricated) leading to realistic model

of the friction force
• time intervals of contact/separation.

2.2.4 Impacting effect. Impact conditions occur when the contact of rotor/sta-
tionary part occurs instantaneously. An impact generates a wide frequency
spectrum of exciting forces; however, repetitive periodic impacts can result in a
definite spectrum of periodic excitation.

Impacts create an "after impact" response -- most often, a rebounding motion
(separation) with the initial direction depending on impact conditions (material,
and its rigidity in particular) and relative tangential velocities. From the
dynamic point of view, impacting is a highly nonlinear phenomenon.

Parameters of concern for mathematical _odelization:

• impact surface conditions, restitution coefficient/function, incoming
velocities

• time intervals of contact/separation.

2.2.5 Fluid d_namic forces and thermal unbalance. Rub-related wear of seal
surfaces causes an increase of clearances andchanges in the flow pattern of the

working fluid. .This generates new fluid dynamic forces and modifications of
thermal conditions which, in turn, can change clearance situations due to thermal

expansion. Both effects have to be investigated when rub-results in the condi-
tions of slowly or rapidly increasing clearances.

2.3 Rub location

Generally rub locations can be classified in terms of occurrence along the shaft
axis:

at one axial location
at several axial locations.

At each axial location, rub can occur:

at one angular radial location (seals or other stationary parts) with
determined area of contact
at several angular radial locations (e.g. rebounding motion inside a

seal)

k.

: • continuously maintaining the shaft/seal contact (for an obviously

_ L limited time}.

_i Relating to the shaft axis, the rubbing surfaces can be located radially,

L axially, or conically.
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2.4 Conditions leading to rub "

Rub is a secondary phenomenon usually resulting from a primary cause which

perturbs the "normal operating conditions." Thls primary cause can originate
from various sources (such as unbalance, misalignment, fluid dynamic forces in

main flow/bearings/seals leading to instability, etc.). The occurrence of the

"primary source" results in:

• changes of shaft centerline position
• and/or shaft vibrations (most often lateral mode).

The amount of the centerline displacement and the vioration amplitude have to be

considered in relationship to clearance values (tog{ther with their tolerances).

By taking into account the most probable mode of the shaft centerline bow for the
operational conditions, the most probable "weak" point, which is susceptible to
rub can be determined. The first "weak point" is the one where rub starts. This
causes a modification in system properties which eventually may lead to rubbing

in other locations. The conditions leading to rub must, therefore, be considered

in a sequential form.

2.5 Transientcharacter of rub-related effects

Most of rub-related dynamic phenomena are characterized by continuously changing

conditions due to "grinding effect" at the rubbing surfaces. Steady-state

conditions can be maintained during significantly long (but limited) time only

if:

rub is very light (short contact time and/or low contact normal

forces), or
there are full annular backward rub conditions (the regime which is

most often destructive for the machine i.e., the "steady state" lasts a

limited time before transforming into a transient regime of destruc-

tion).

2.6 Expected modifications of the rotatin_ machine vibrational response

2.6.1 Frequency. The starting point is no-rub machine operation.

vibrational response frequencies of interest are:

Machine

Rub can

shaft actual rotative speed,

spectrum of machine natural frequencies, wn, n = 1,2,3,...

cause machine element vibrational responses with frequencies being:

a fraction (p/r) of the rotative speed w (p, r are integers)

one (or more) system natural frequencies (note the coupling and
stiffening effects causing modifications _ naturalthe frequency

spectrum)

higher harmonics (multiples) of the lowest frequency component (qw(p/r)

and/or q_; q = 2,3,4,...)
combinations of the above

Note: Higher harmonics (multiples)are generated (or significantly magnified if

they already exist in limited amount in the vibrational response) due to strong
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nonlinear effects of rub-related friction, impacting, and the on/off type of
motion.

2.6.2 Amplitude, phase. Both amplitude and phase (the latter for synchronous lx
and multiples of synchronous 2x, 3x,... components) of the system responses are
modified by rub.

Response frequency content, amplitudes, phases of the response components, static
displacement position, and shaft orbital motion carry significant rub-diagnostics
information.

2.6.3 Mode of shaft-centerline. Rub can modify the shaft-centerline modal
deflection shape. The information can be significant for localization of rub
area.

3. MATHEMATICAL MODELLING

In the mathematical model of the rubbing rotor the modal concept is applied.
The rotor model is limited to one, two, or three lateral modes. At the first
approximation, the rotor is considered laterally symmetric (isotropic). Up
to four rub axial locations are possibly considered in the model. Since rub most
probably occurs at the seal locations, the additional flow-related forces are
introduced in the model. The rub forces included in the model describe the main

physical phenomena taking place, when rotor-to-stator rub occurs, namely fric-
tion, system stiffness modifications and impacting. The rub forces are expressed
in all"averaged" sense.

The rotor model _s, therefore, as follows (Fig. I):

Mi_ i + eiK2i.2(zi-zi.l) + ai+IK2i(zi-zi+ I) + Dsiz i + _iFi ___iFi+1 =

riw_eJ(wt+_i )= mi + PiejYi, I = 1,2,3, Ko=zo=z4=O, zi= xi+JYi, j=q_I

(z)

where
I K2i

a i : . ,1+P2i.2 _2i

Eqs. (1) describe the rotor lateral motion (aXx_ are horizontal end verti-cal displacements of the rotor corresponding lYiocations "i" respectively).

Mi, Ki, Dsi are modal masses, stiffnesses and damping coefficients respectively.

The parameters ai and P2i take into consideration that rub location does not

coincide with the modal mass axial location. Miriej_i are modal unbalance vec-

JYi
tors, m is rotative speed, Pie are constant radial force vectors. The rub

and fluid forces are described by the functions Fi, and impact velocity relation-
ships:

n

Fi= _ f-.(_t)[Kril_il + . )] ej6_i
£:0 _I N_i(1+JW£i + Di(_ "JLi_i) + Kbili (2)
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FIG. 1 RUBBING ROTOR/BEARING/SEALMODEL.

MOTION

FIG. 2

|
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x

RADIAL LOCATIONOF RUB.

zi(t£)= - Kzi(t£_1), i = 1,2,3,4, £ = 0,..., n (5)

where £=0, !,..., n indicates number of the consecutive rotor-to-stator contact

within one period _t of rotor precessional motion (t is time). The functions

f£i describe the timing of "contact" versus "no contact." KrilZi[ is radi-

ally applied additional stiffness force due to rub. N£i is the normal force
at rubbing surfaces; _o_ is friction coefficient. The 4ngle 6i indicates rub

location (Fig. 2). Di_'Kbi, and Ai are fluid film radial dampings, stiffness,

and circumferentia_ velocity ratios respectively, at seal and bearing locations.

Di, Kbi, and Ai are nonlinear functions of Izil= VX _ + y_. Eq. (3) gives the

impacting condition; K is the coefficient of restitution. Due to rotation-

related tangential velocity component, K might acquire more complex form.

Eqs. (i), (2), and (3) represent the mathematical model of the rubbing rotor.
Note that three modes are coupled in Eq. (I). The modal masses and stiffnesses

can be obtained from numerical analysis (transfer matrix br FE methods followed

by reduction to three modes), and/or identified from an experiment, using dynamic

stiffness concept. The classical modal approach would leave each mode uncoupled

from the others, thus would make the analysis much simpler. The uncoupled model

of a rubbing rotor is a particular case of Eqs. (I), (2), and (3) and was ana-.

lyzed in [I]. In the model proposed here a more general case is considered. It

may provide results which correlate rub phenomena with rotor modal responses.

4. ROTOR-TO-STATOR RUB EXPERIMENTAL RESULTS

4.1

A rub fixture used in conjunction with the rotor system shown in Fig. 3 allows

the exploration of rotor vibrational response during partial rub conditions. In

thi_ part of the study, emphasis has been placed on the comparison of results from
rotor vibrational responses generated by rotor-to-stator partial rubs with

varying statorlcDmpliances.

4.1.1 Rub Fixture Mechanism. The _ _ fixture (Fig. 4) consists of a plunger

_upported in two bearings allo#ing for its linear motion. The rub block is
located at one end of the plunger to allow its positioning along the rotor shaft.

The plunger is both positioned and restrained axially by a c,}mpression spring
located in the fixture body. Adjustments to the spring allow for axial position
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FIG. 3 RUB TEST RIG.

and preload to be made independently of one another. Located at the plunger end
opposite the rub block is a displacement probe monitoring the axial mo_ion of the
pl_mger.

$

4.1.2 System Configuration. The rub test rig presented infig. 3 shows both the
rotor and data acquisition system configuration. The slender shaft rotor incorp-
orates two masses and is supported in bronze sliding bearings at both ends of
the shaft. The rig allows for various modifications, such as mass, stiffness,
modes, unbalance, preload rub materials, rub surface conditions, e_c., thus,
providing a rich matrix of parameters for the investigation of the rub-related
dynamic phenomena.

4.1.3 Transduce_ Selection/Application. All rotor vibrational data are captured
via X-Y eddy current noncontacting displacement probes mounted at three axial
positions along the shaft. These probes are specifically helpful when identifi-
cation of low frequency vibrations are of interest. To measure high frequency
vibrations, two accelerometers are used. One accelerometer is mounted vertically
on the rub fixture base, the other horizontally on the rub plungeF. It should be
noted that appropriate applications of proximity probes and accelerometers are
necessary to obtain useful and interpretable vibration information. Accelero-
meters measure casing vibrations, not the vibration main source, rotor vibra-
tions. Thus, the casing transmissibility plays a significant role in the re-
sults. In addition, the accelerometers do not provide enough sensitivity to
detect low frequency components and, therefore, high amplitude low frequency,
potentially destructive vibration may not be detected. On the other hand,
accelerometers provide useful information when looking at the higher order fre-
quency vibration components generated during rub. A Keyphaso_ probe provides
rotative speed and an angular reference for rotor phase measurements.

An extremely light rub may not be detected by either vibration signals or a
significantly altered orbit shape. Therefore, an electrical contact device is
used to more accurately identify the rotor-to-stator contact. Utilizing 1-volt
dc potential, any mechanical contact between the rotor shaft and _ub block pro-
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vides a circuit that can be monitored with continuity position/timing correlated

to the Keyphasor signal and plunger movements. Information obtained from this

device is quite useful, as a rub condition does not require any detectable

plunger movement. This is due to the fact that as plunger compliance decreases

(spring preload increases), a greater impact force is necessary to overcome the

spring force and thus produce motion.

4.2 Test Procedure

After achieving the desired balance state of the rotor, a controlled unbalance

was introduced at the inboard plane, this unbalance being used to obtain a

required level of synchronous vibrations in order to initiate a rotor-to-stator
rub. Both transient (during start-ups) and steady-state data (at constant

rotative speed) have been monitored and presented in spectrum cascade and orbit

formats respectively. Operating speeds (for data recording) range from 300 to

10,000 rpm, running well above the first and second balance resonances (1600 and

4200 rpm respectively) for this rotor rig.

The controlled unbalance weight is 0.48 grams at 0.0 degrees relative to the

Keyphasor notch• The slow roll amplitude was maintained less than 0.5 mils

at all times• The sample results of the experiment are presented in the next

section. For the series of data presented, all runs were with the unbalance

located at the inboard plane• The rub block material was aluminum with a plunger

spring stiffness of 107 Ib/in.

4.3 Results

The data presented in Figs. 5 to 8 are from runs with two plunger preloads of

3.34 Ib and I0.03 Ib respectively. The chosen preloads are representative of a

rotor system with high and low stator compliances.

Transient rub data from displacement probes show the presence of both subsyn-

chronous and supersynchronous vibration components. Data from the horizontal

accelerometer mounted on the plunger shows highly defined, well-ordered harmo-
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Ph=ng_ _=ft

4_ C_'nproe=lon _rlzlg

_o T_t _aft

8• T_ Rwb glor./_

FIG_ 4

7. Al:gnmtnt Pin

8. Pomitlon and Prelo=d AdJumt_tt

9. LIntar Antl-.h-lctlot) B_rfng

I0. High Frequency A¢cmitN-ometef

11. EItc_'fcd C,mtoct Inflator=

RUB FIXTURE.

Preloed : 10.03
Rub Block : Num_um

Off,It M(Ignlt_eotlmn : m X25

I

FIG. 5 ORBIT OF THE SHAFT

RUBBING AGAINST RUB BLOCK.
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(_) 80TATI0_e: C¼ PRELOAD 3.34 lbs
RPII(START)- 5648 RPM([NO)- 5_%

rg'sP SG't,X, ,5| RU..S,'0P¢ ' T(,"C S_I31.E- |'J.M _q_C.,fltV

• i

(B) ROTATIUN. CW PRELOAD 10.03 ibs•

RPH(ST_T)- 5845 RPM((NO)- 5850

CONTACT _o 6¢_* l.eo _i&J_Oiv I (NE"_.R.L, '"_I,188 _16&C._e;v

FIG. 6 TIME BASE RESPONSE OF THE PLUNGER (TOP) AND ELECTRICAL CONTACT SIGNAL
(BOTTOM) FOR THE CASE OF 3.34 LB PLUNGER PRELOAD (A) AND 10.03 LB PRELOAD (B).
PLUNGER MOTION AT THIS ROTATIVE SPEED OCCURS EVERY THIRD ROTATION OF THE SHAFT
(SEE KEYPHASOR MARK). ITS MOTION IS CONSISTENT WITH THE ROTOR-TO-5TATOR CONTACT/
NO CONTACT PERIODICITY. HIGHER PRELOAD REDUCES PLUNGER AMPLITUDE (B).

FIG. 7 SPECTRUM CASCADE OF RUBBING ROTOR VIBRATIONAL RESPONSE DURING START-UP,
MEASURED BY RUB FIXTURE HORIZONTAL DISPLACEMENT PROBE ((A) AND (C)) AND ACCELERO-
METER ON PLUNGER MECHANISM ((B) AND (D)) FOR TWO VALUES OF THE PLUNGER PRELOAD:
3.34 LBS ((A) AND (B)) AND 10.03 LBS ((C) AND (D)). NOTE RUB-RELATED SUBSYN-
CHRONOUS VIBRATIONS MEASURED BY THE DISPLACEMENT PROBE AND LACK OF SUBSYNCHRONOU$
COMPONENTS IN THE ACCELERATION SPECTRUM. NOTE A DECREASE OF HIGHER FREQUENCY
COMPONENT AMPLITUDES WITH INCREASE OF STATOR RIGIDITY,
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FIG. 8 SHAFT ORBITAL F$OTION FOR A SEQUENCE OF ROTATIVE SPEEDS, AS SEEN BY RUB
FIXTURE X-Y DISPLACEMENT PROBES FOR TWO VALUES OF THE PLUNGER PRELOAD: 3.34 LB5
(A) AND 10.03 LBS (B). NOTE THE VARIETY OF THE ORBITAL PATTERNS.

nics. However, the prevalence of these components diminishes with increasing
preload (decreasing compliance) of the plunger mechanism.

Steady-state data for both plunger preloads presented in orbit format also
supports the presence of both subsynchronous and supersynchronous vibration
components indicated by multiple Keyphasor marks and external loops. Orbit
plots represent the rotor shaft centerline motion. As an example, to better
illustrate the relationship between rub and shaft motion, the orbital (pre-
cessional) motion of the rotor can be overlayed with a figure of the rub block
Fig. 5. Note that the orbit is highly magnified while the rub block and shaft
mizes are reduced, so the figure represents the actual behavior in qualitative
terms only. The orbit very clearly indicates the rebounding effect of the rotor
shaft caused by the rub.

With less preload on the plunger mechanism (greater casing/stator compliance),
accelerometer data from the plunger indicates significant excitation of lower
frequency components in the range from 5 kcpm to 15 kcpm, (83.3-250 Hz), with
displacement probes showing significant subsynchronous components (1/4x, I/3x,
1/2x). As plunger compliance decreases, accelerometer, as well as displacement
probe data indicate decreasing excitation of lower frequency subsynchronous
components. Relatively speaking, lower frequency vibrations correspond to large
displacements over long time intervals. As plunger preload increases, its
displacement must decrease, providing external forces remain constant, thus
resulting in the progressive lack of lower frequency components.

Data captured while observing plunger motion is presented together with data from
electrical contact device (Fig. 6). This data clearly represents the _ime of
contact versus separation, as well as transient vibrational process of the
plunger when the contact is broken.
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4,4 Conclusions

From the rub data presented, it becomes apparent that rub plays a large role in

the rotor vibrational response. This particular study a)Iows manipulation of the

casing compliance, which may also be correlated to stator compliance in the event
of a rotor-to-stator rub. The effect in either case, is a periodic modification

of the system stiffness during rub and modification of impacting conditions. The

large amplitude subsynchronous vibration response indicated by the displace-

ment probes can be correlated to increasing plunger preload. The increase in

plunger preload effectively increases the coefficient of restitution, thus the

velocity of the rotor shaft after impact and resultant displacements are accord-

ingly greater.

S. APPLICATION TO SSME: HPFTP SIMULATING RIG EXPERIMENTAL RESULTS

In order to develop a high pressure fuel turbo pump (HPFTP) simulating system to

study rotor-to-stator rubs that was safe for experimentation in the laboratory,

the rotational kinetic energy of the system needed to be reduced. This has been

accomplished by designing and building a simulation system with both lower
rotational inertia and reduced rotative velocity (Fig. 9). To maintain a recog-

nizable relationship between the vibrational data taken using the simulation

system and that of the HPFTP, the simulation system first three mode shapes have

been matched to the predicted HPFTP mode shapes (Fig. 10), and the ratiometric

relationship between the first three natural frequencies maintained (Table I).

These constraints dictated a system consisting of a 0.375" diameter steel shaft

with four 1.5" diameter disks mounted on the shaft to simulate pump and turbine

stages (Fig. 9}. The pump stage disks are 0.5" thick while the turbine disk is

slightly thicker (0.75'_. Axial dimensions of the rig and HPFTP rotors are the

J
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TABLE I

I

1. ELECTRICMOTOR ,_. TURBINE IMP_ Ol_K 9. ROTOR BAS_

2. FI.EX,IOI¢" COUPLING I. SUPPORT BF.ARIN_ 10. pR¢'IO_ SPRINO

_I. BALANCING Ol_'{ 7. _'._. SIMULATINGBEARINGS 11, DRY RUB PJNG

4. PU_P IblPI_.L£R O151_ O. O.375" 01,_¢"1"_ SH/c"T

FIG.9 HPFTPSIMULATIONRUB RIG.

SUMMARY OF RESONANT SPEED FOR HPFTP AND RUB RIG AT DIFFERENT PRESSURES.

Mode I0 psi 15 psi

Ist

2nd

3rd

HPFTP rpm SCALED HPFTP rpm 0 psi 5 psi

16828 1870 1650 1900

30881 3435 3000 3100

46286 5150 5400 4800

2200

3350

5100

2300

3750

5200

I 791 .
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FIG. lO COMPARISON OF MSFC HPFTP MODE SHAPES WITH SIMULATION RUB RIG MODE
SHAPES AT CORRESPONDING OIL PRESSURES IN THE SEAL-SIMULATING BEARINGS. THE
NUMBERS ON THE RIG SKETCH INDICATE DISPLACEMENT PROBE LOCATIONS.

_ same. The shaft is supported by rolling element bearings suspended within a
_. rigid frame with four radial springs positioned 90 degrees apart. This config-

: _i,
F'_! uration produces a relatively, soft support with light damping. The interstage
2- seals between the pump stages are simulated with externally pressurized oil

._ bearings. The system stiffness at these locations can be modified by varying the

inlet oil pressure. This allows the simulation of different flow conditions
_i_,:. within the turbo pump, The principal rub locations are at the two seal simula-

_._ ring bearings, and at a third non-lubricated rub ring mounted inboard of the

_ turbine disk, All the rub positions have a 10 mil diametral clearance and are

_ instrumented with an electrical circuit which indicates the rotor-to-stator
,,_,'!_ contact, i.e., the occurrence of rub. An additional rolling element bearing

_!!__ suspended with weak springs in a rigid frame is located inboard of the last pump

stage to simulate the shaft unidirectional radial preload induced by the fuel
- flow in the HPFTP,

i_ I_' Representative rub data is shown in Fig. 11. The data was obtained at a constant

; rotative speed of 4000 rpm by introducing a sequence of preload forces at pointP, Seal simulation bearings were run with no lubrication. The data consists of
_ orbits and horizontal and vertical spectral information at the axial shaft ,

=_c_; locations for three different rub conditions, following the increasing radial

preload: no rub, ligI_t rub, and heavy rub. As can be seen in the data, there is

a definite change in both orbit shapes and spectral content for the three dif-

_ ferent rub conditions In the no-rub case the rotor vibrates predominately
"_

with once-per-turn frequency. Some s_all free vibration components with system
_I_I,:C natural frequencies may appear in the spectrum. The orbits are circular wi_n "
_:I jitter. The introduction of light rub increases the relative importance of the ,

_ subsynchronous half-per-turn frequency component which transforms the orbit to
the "figure eight" shape. During heavy rubs the twice and three times per turn •

- components become more dominant, along with stronger excitation of the system !

_1 natural frequencies, producing orbits with more elliptic shapes and jitter. '"
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SYSTEM.

ORIGINAL PAGE IS
OF' POOR Q; _A, _TV' 793



Another test performed, at MSFC request, was the effect of rub during rotor

subsynchronous self-excited vibrations due to fluid flow interaction, known as

whirl/whip instability. This test was done using a brass rub screw fixture
located inboard of the third pump impeller to provide a controlled rub. Data was

taken again for three separate rub conditions: "no rub", "intermittent rub", and
"continuous rub" (Fig. 12). The data labeled "no rub" provides reference level

indicating the systems response in the absence of rub. Severe whirl/whip vibra-

tions are present in the spectrum. The screw was then moved close enough to the

shaft to provide rub at the higher vibration levels encountered during unstable

operation (when whirl/whips occurs), but not during normal operation. For the
third condition the screw was moved close enough to the shaft to provide light

contact at all vibration levels. As can be seen form the data, the intermittent

rub case shows an instability similar to the no-rub case pattern, however, with

reduced amplitudes. In the continuous rub case, the whirl/whip instability is
eliminated. This would be expected, since the amplitude of these vibrations is

determined primarily by the nonlinearity of the system stiffness which signifi-

cantly increases in this case. In the intermittent rub case there is some
stiffness increase. This results in a reduction of the.self-excited vibration

limit cycle amplitude, as compared to the no-rub case. In the continuous rub
case the stiffness has increased enough to prevent the instability due to fluid-

flow in the seal simulating bearings.

6. FINAL REMARKS

This paper presented and discussed the selected results obtained during the

study on influence of rubbing on rotor dynamics. Lack of space prevented the

authors from including results of other accomplished tests, such as rotor-to-
stator rubs for various unbalances, rub-related changes in shaft centerline,

rotating system dynamic stiffness identification, friction force measurements and

metallographic analysis of rubbing surface damage.

Another area of investigation not included within this report is the design and

testing of the oil bearings used to simulate the HPFTP interstage seals. This

knowledge and the testing methodology of identification of the bearing dynamic
characteristics could be used to enhance future seal design efforts.

One more area of study was the reduction of hot fire test data for the HPFTP.

The item of greatest concern to us was the lack of appropriately installed
instrumentation to monitor the dynamic response of the pump rotor. It is almost

impossible to improve a design without obtaining adequate diagnostic information

from tests. We feel that for future tests this might be accomplished by better

sensor selection and appropriate sensor location.

Rubs in rotating machinery and their dynamic effects on the machine performance

represent very complex phenomena. In the adapted approach to study them, a

distinct separation of various rub-affecting factors has been attempted.

A relatively simple test rig (as compared with HPFTP simulating rig) with ad-

justable rub block allows for investigation of the rub influence on the rotor
behavior during various operating conditions. The results provide a good insight

into the specifics of observable dynamic phenomena and create a basis for ade-

quate mathematical modeling. There still remain several aspects of the rotor-
to-stator rubs which require further investigation, in order to accomplish

numerical parametic study of mathematical model.
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During the design of the HPFTP simulation rotor rig some problems other than rub

have been encountered. An occurrence of similar problems on the actual HPFTP was

also reported. Of these, two seem to be of interest to NASA. They are internal

friction and fluid-related rotor instabilities. Some data showing the effect
of rub on the fluid-related instability is included in this paper. Further

investigation into this area of rotor dynamics is not a part of the current rub

study, but might be considered in the future. Some results pertaining to the
rotor internal friction and fluid-interaction instabilities have been obtained.

The first were primarily associated with rotor disk attachments. The second

cover several bearing and seal types at various operational conditions with

shaft low eccentricities. The results are not included in this paper, as they
are not directly related to the present rub study.
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3000 and 7000 Series Proximity
Transducer Systems
Technical/Ordering Information

II I II I I II II

Radial vibration and thrust

position measurements on
machines requiring a small linear

measuring range

The 3000 and 7000 Series Proximity
Transducer Systems are ideal for mea-
suring radial vibration and thrust posi-
tion movements on machines that
require only 40 to 50 mils linear range.

Operating on the same principle as
Bently Nevada 7200 Series proximity
probes, the 3000 Series Proximity
Probes have no moving parts. They are
not subject to mechanical wear that
occurs on other types of transducers,
such as shaft riders, Linear Variable
Differential Transformers (LVDT), and

potentiometers.
The 3000 and 7000 Series Proximity

Transducers are not designed for used in
API 670 type installations.

The 3000 and 7000 Series Proximity
Transducer Systems provide vibration
and position information for diagnostics
as well as monitoring. You receive mea-
surements of vibration amplitude, fre-
quency, phase angle, and other rotor
characteristics for determining specific
machine malfunctions. The typical re-
sponse of 0 Hz to 10 kHz enables you to
measure static shaft position as well as
dynamic motion,

The 3000 Series transducer systems
utilize the 190 or 300 probes, The 7000
Series transducer systems use the 300
probe.

Each transducer system consists of a
proximity probe, extension cable, and
Proximitor. ® All 3000 and 7000 Series
transducer systems can be used in con-
junction with the 7200 Series and
9000 Series Monitoring Systems.

Types of measurements obtained
with a 3000 and 7000 Series

Proximity Transducer System

Whether used in static, low rpm, or
rapidly-changing conditions, the 7000
Series Proximity Transducer Systems
provide accurate linear, gap-to-voltage
measurements. They can be used on
virtually all types of rotating machines,
including turbines, compressors, genera-
tors, pumps, and centrifuges, to make
the following types of measurements:

(_ Radial vibration for indicating bear-
ing condition, rotor unbalance, and
misalJgnment.

[_ Thrust or axial position for deter-

mining bearing wear and potential bear-
ing failure. (3000 Series probes only.)
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3000 end 7000 Series Proximity
Transducer System

[] Shaft attitude angle or axial posi-
tion, an indicator of rotor stability.

[_ Vibration amplitude and phase
angle for plotting diagnostic information
in polar and Bod_ formats.

Eccentricity to measure the amount
of rotor bow and the steady-state posi-
tion of the rotor in the journal bearing.

Peak-to-peak eccentricity to indi-
cate bearing wear, heavy preloads
caused by misalignment, lube oil break-
down, and electrostatic discharge.

190 and 300 Proximity Probes

The 190 and 300 Proximity Probes
are offered in 12 configurations. You
have a choice of fiberglass or Tonox ®
construction. Tonox versions are de-

signed for use in high pH environments,
but are not recommended for use in
pressurized ammonia.

The 300 Proximity Probe is available
in two linear measuring ranges: 50 mils
with a scale factor of 200 mV/mil using
a 3000 Proximitor and 60 mils with a
scale factor of 100 mV rail using a 7000
Proximitor.

The 190 Proximity Probe has a linear
measuring range of 40 mils with a scale
factor of 200 mV/mil when used with a
3000 Proximitor. It is the smallest
standard probe that Bently Nevada
offers.

BENTLYNEVADA
P.O, BOX 157 •

I I I II I I II IIII

3000 and 7000 Proximitors

A three-conductor, shielded cable

provides the signal output and power
source input interface between the
Proximitor and a Bently Nevada monitor.
The 3000 and 7000 Proximitors can be
placed up to 1,000 feet from standard
Bently Nevada monitors without degra-
dation of performance.

The 3000 Proximitor is available in

four configurations. The 7000 Prox-
imitor is offered in two configurations.

The 3000 and 7000 Proximitors can
be used with tha 300 Proximity Probes.
The 190 Proximity Probe is used with
the 3000 Proximitor.

Extension Cables

The combination of a probe lead and
extension cable is designed to achieve a
system length of either 15 or 20 feet.
The extension cable is ordered in six-
inch increments. It is available with or

without protective armor.
Tonox ® is a registered trademark of
Uniroyal Corporation.

I I I

Specifications

OUTPUTS

Calibrated Range:

With 3000 Proxlmttor: 50 mils for 300
probe; 40 mils for 190 probe. Range
begins at approximately 20 mils from
target surfac_

With 7000 Proxtmitor: 60 mils, for 300
probes only. Range begins at approxi-
mately 30 mils from target surface.

Scale Factor:

With 3000 Proxtmitors: 200 mY/rail (8 V/
ram).

With 7000 Proxlmltors: 100 mV/mil (3.94
V/mm).

Frequency Response: 0 to 600,000 cpm ± 1%

Power Requirements:

With 3000 Proximltors: -18 Vdc at 8.0
mA nominal.

With 7000 Proximltors: -24 Vdc at 8.0
mA nominal.

MINDEN. NEVADA USA 89423 • (702) 792-3611

TELEX: 7400983 • FAX: (702) 782-9253
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ENVIRONMENTAL

Operating Temperature Range:

3000 Proximitor: -29 °C to + 66 °C

(-20°F to + 150°F),

7000 Proximltor: -61 °C to + 100 °C

(-60 °F to + 212 °F).

Probe and extension cable: -56 °C to

+ 177oC (-50 OF to +350OF).

Tonox version probe specifications available

upon request.

DIMENSIONS

Height:

3000 Proximitor: 1.60 inches (40.6 ram).

7000 Proxlmitor: 2.00 inches (50.8 ram).

Width:

3000 Proximitor: 2.14 inches (54.4 ram),

7000 Proxtmttor: 2.38 inches (60.4 ram).

Length:

3000 and 7000 Proximitor: 3,14 inches

(79.8 ram).

Weight:

3000 Proximitor: 7.2 ounces (204

grams).

7000 Proximitor: 6.4 ounces (181

grams).

II

Ordering Information

Standard Mount Probe

A B C D E

E]II_ - i_ - F'lq.- [__! - Ill

Option Description

A Probe Catalog Number Option

B Unthreaded Length Option
C Case Length Option

D Cable Length Option
E Connector Option

A

r ii

Probe Catalog Number Option

Select from Table 1.

_i] Unthreaded Length Option

Order in increments of 0.1 inches

[_]_]for English thread, 10 mm [_
for metric threads.

English thread configurations:

Maximum unthreaded length: 9.0
inches [_

Minimum unthreaded length: 0,0
inches_

Metric thread configuration:

Maximum unthreaded length:
900 mm _]

Minimum unthreaded length:
0.0 mm []_]

3000 and 7000 Series Proximity
Transducer Systems

3000 and 7000 Series Probe Configurations

Reverse Mount

50 ohm Clblo

--_ Cable Length + 10. -_%

----1---
O.tg0

t4.S13)

Standard Mount

0.200 Iot3OOPtobo I--- Atmor(gptionllt} t-=----- 5OohmCable

(5.O8, F'I •, _ • L .L

t_ltllt (7 I )L_J ......._2__Ao.......

"1

I' I

Case Length Option

Order in increments of 0.1 inches

IJ'_for English thread, 10 mm

for metric thread.

English thread configurations:

Maximum case length: 9.6 inches

Minimum case length: 1.0 inches

Metric thread configurations:

Maximum length: 250 mm_

Minimum length: 20 mm[]_

[_ Cable Length Option

Order in increments of 6,0 inches

1_(152 ram). Total length must

exceed case length oy a minimum

of 4.76 inches (120.6 turn).

Maximum cable length: 36.0
inches['_(914 mm).

Minimum cable length: 6.0 inches
_(152 ram).

Connector Option

00 Without connector.

02 With miniature male coaxial
connector.

Reverse Mount Probe

A B C

Fiberglass - _ - 04- 02 - 12- _ -

A B C
Tonox - E]_Z]_-02-12- _ -.:_

Option Description

A Probe Catalog Number Option
B Cable Length Option

C Connector Option

Note: The unthreaded length and case length

are supplied in standard, pre-set lengths.

A Probe Catalog Number Option

[_i]Fiberglass or E_ZE]_Tonox

Select from Table 1.

B _ Cable Length Option*

Order in increments of 6.0 inches

I--0]_(152 ram). Total length must

exceed case length by a minimum
of 4.75 inches (120.6 mm).

Maximum ccble length: 36.0
inches[_(914 ram).

Minimum cable length: 6.0 inches
['_(152.40 ram).

* To obtain the electrical length, multiply the
cable length by 2.

I

't
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30G0 and 7000 Series Proximity
Transducer Systems

III

C N-] Connector Option

O0 Without connector.

02 With miniature male coaxial

connector.

Proximitors

20928 - _ 3000 Series Proximitor

E_

01 For combined system electrical

length of 15 feet, with 300 tip
transducer.

02 For combined system electrical
length of 15 feet, with 190 tip
transducer.

03 For combined system electrical

length of 20 feet, with 300 tip
transducer.

04 For combined system electrical

length of 20 feet, with 190 tip
transducer.

12237 - _ 7000 Series Proximitor

01 For combined system electrical

length of 15 feet, with 300 probe tip.

02 For combined system electrical

length of 20 feet, with 300 probe tip.

Extension Cable

4454 - _ Extension cable with armor

2788 - _ Extension cable without armor

Cable Length Option

Order in increments of 12 inches

[_](304.8 ram).

Maximum cable length: 468 inches
[_](11.89 meters).

Minimum cable length: 12 inches
_(305 ram).

I I m_ I I '1 III I I I I I '" '"""

TABLE 1

TIP

CATALOG NUMBER

FIBERGLASS

300-00

300-01

300-04-02-12"

300-06

300-11

TONOX

28407

28408

28411

28413

28416

TYPE

300

300

300

300

300

CASE

CONFIGURATION

Standard

Standard

Reverse

Pressure

Standard

THREADS

3/8-24

3/8-24

3/8-24

3/8-24

M10X1

LEAD

ARMOR

No

Yes

No

No

No

300-12 28417 3.q0 Standard M 10X 1 Yes

190-00 28400 190 Standard I i4-28 No

190-01 28401 190 Standard 1/4-28 Yes

190-04-02-12 * 28402 190 Reverse 3/8-24 No

190-06 28404 190 Pressure 114-28 No

190-07 28405 190 Standard M8X 1 No

190-08 190 Standard M8X 1 Yes28406

*The unthreaded length and case length are set on the reverse mount pro:oe.

TABLE 2

Required Extension Cable Lengths for Proxlmltor

CATALOG NUMBERS

20929-01,20929-02,

and12237-01

20929-03,20929-04,

and12237.01

PROBE LEAD LENGTHS

8 Inches 12 Inches i 18 Inches 24 Inches 30 Inches 36 Inches

168 156 144 132 120 108

Inches Inches Inches Inches inches Inches

228 216 204 192 180 168

Inches Inches Inches Inches Inches Inches

Note: Other cable lengths-up to 25 feet-not listed in Table 2 may be ordered, but are not recommended.

Lengths are critical to obtain the correct system performance.

RIB I I I
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Acceleration Transducer System
Technical/Ordering Information

I II I I

High frequency measurements
for determining overall machine
condition

The Acceleration Transducer System
is most suited for measuring high fre-
quency vibration on the machine case or
bearing housing. Under certain condi-

tions, it also is useful for evaluat!ng the
overall mechanical condition of some
machines.

The Acceleration Transducer System
is easy to install. The transducer is

mounted on the machine case, or when
feasible, the bearing housing.

The Acceleration Transducer System
consists of an accelerometer, intercon-
nect cable, and interface module. It can
be used in conjunction with the 7200

Series and 9000 Series Monitoring
Systems.

Applications recommended for
acceleration measurements

The Acceleration Transducer System
normally should not be used in place of
direct shaft vibration measurement,
except in specific applications, such as:

[] When a supplementary casing
measurement may provide pertinent
information about the mechanical condi-

tion of rotating machinery. Supplemen-
tal casing measurements are typicaily
required for measuring gear mesh fre-

quencies and turbine blade passage
frequencies.

[] When the machine housing, piping,
or foundation are suspected of being the
source of significant vibration.

How an acceleration transducer

system works

Acceleration is the measurement of
the time rate of change of velocity. To
make this measurement, the accelerom*
eter uses a piezoelectric crystal situated
between the accelerometer base and an
inertial reference mass.

When compression or a tension force
excites the crystal, the crystal acts as a

precision spring to oppose the compres-
sion or tension force. It generates a
displaced electric charge. An integral
amplifier converts the charge to a volt-
age, which is transmitted via the inter-
connect cable to the interface module.

The interface module supplies a con-
stant current to the accelerometer. It
also amplifies the signal from the
accelerometer.

The interface module has an outptlt
sensitivity of 100 mV/g.

-- _ ".- j I I I I I
For any casing measurement alono to I_ effective

for overall machine protection, a significant amount

of rotor vibration must be faithfully transmitted to

the machine casing or mounting location of the

transducer.

In addition, care should be exercised in the phys ca

installation of the acceleration treniducor on the

bearing housing or machine casing. Improper insts -

lation may result in e decrease of the transducer

umplitude and frequency response and/or the

generation of false signals that do not represent

actual vibration. For more information, please refer

to the appropriate Instruction MsnlJals and Applica-
tion Notes.

J -- I I [

Specifications

Accelerometer

OUTPUT SENSITIVITY

Standard: 25 mV/g ± 5% (2.55 mV/m/sec.=).

..... _'_; High Frequency: 10 mV/g + 10% (1.02 mY/
m/sec.2].

Acceleration Transducer Syat Acceleration Range: 50 g's peak (490 me-
tres/sec.2).

Accelerometer

Two versions of the accelerometer are
offered: a standard version for measur-
ing vibration frequencies up to 20 kHz
and a high frequency version for mea-
suring vibration frequencies up to 30
kHz.

Interface Module

The standard accelerometer uses a

23733-03 interface module. The high
frequency version utilizes a 24145-02
interface module.

Interconnect Cable

The interconnect cable is offered with
or without armor. It is ordered in one-
foot increments.

The standard accelerometer utilizes a
18622 interconnect cable. A radiation-
resistant option is available for the
18622 interconnect cable for use in
radiation environments.

The high fraquenc-y accelerometer
uses a 21165 interconnect cable, Both
the 21165 and 18622 interconnect
cables are available with a stainless
steel protective armor.

NOTE: If casing acceleration measurements ore

being made for the overall protection of • machine,

thought should be given to the usefulness of the

measurement for each application. Most common

machine malfunctions, such as unbalance, misalign-

ment, etc.. occur on the rotor and originate as an

increase (or at least a change) in rotor vibration.

Frequency Response:

Standard: 2 Hz to 20 kHz + 3 riB, 5 Hz to
10 kHz ± 5%.

High Frequency: 2 Hz to 30 kHz ¢ 3 dB,
7 Hz to 14 kHz ± 5%.

Mounted Resonant Frequency:

Standard: 30 kHz minimum.

High Frequency: 55 kHz minimum.

Amplitude Llnearity: ± 1% to 50g's (490
metre/sec.2).

ELECTRICAL ISOLATION

Case is internally connected to system com-
mon. Isolation from machine case is provided
by a buil*,-inisolator.

Interface Module

OUTPUT SENSITIVITY

Standard: 100 mV/g (10.2 mVImetre/sec._).

High Frequency: 100 mV/g (10.2 mV/metrel
sec.z).

POWER REQUIREMENTS

Standard: - 18 to -24 Vdc at 15 mA maxi.
mum; 10 mA typical.

High Frequency: -22 to -26 Vdc at 30 mA
maximum; 21 mA typical.

BENTLY
NEVADA (_ ....

BLACK

P.O. BOX 157 a
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ENVIRONMENTAL

I

Accelerometer Operating Temperature Range:
-20°Fto +250°F (-29 °C to + 121 °C).

Accelerometer Shock Survivability:

Standard: _+5000g's (-+49,050 m/sec. 2)
peak.

High Frequency: ± lO,000g's ( + 98,100
m/sec. 2) peak.

Interface Module Operating ;i=mperature
Range: -40°F to + 212°F (-40°Cto

+ 100 °C).

Interface Module Storage Temperature Range:
-60°F to +302 °F (-51 °C to + 150°C).

=m ii

Ordering Information

Accelerometer

23732-O1 Standard Accelerometer

24147-O1 High Frequency Accelerometer

Interface Module

23733-03 Standard interface Module

24145-02 High Frequency Interface Module

Extens=on Cable

A B

18622 - ,:__; - _ Standard Extension
Cable

21165 - _ - _ High Frequency Extension
Cable

Option Description

A Cable Length Option
B Armor Option

A ;I-_' Cable Length Option

Order in increments of 1 foot.

Minimum: 1 foet_

Maximum: 30 feet,_

B ;'=L_ Armor Option

O0 For 18622 and 21165 cables, with-
out armor.

01 For 18622 and 21165 cables, with
armor.

02 For 18622 cable used in ,adiation

environments, without armor•

03 For 18622 cable used in radiation

environments, with armor.

III

L5008-00 (3:86)

Acceleration Transducer System ,i!

J:i

!

Data Subject to Change

i
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ADRE

Technical/Ordering Information

I I III

Reduces data reduction time for
machinery behavior analysis

Bently Nevada's ADRE system (Auto-
mated Diagnostics for Rotating Equip-
ment) signifi:antly reduces the time
required to analyze and diagnose ma-
chinery behavior. A computer-based
data acquisition and. reduction system,
ADRE eliminates the time-consuming
task of hand logging and reducing
steady-state and transient dynamic
vibration data.

Automated reduction of dynamic
vibration data, including startup and
shutdown information, enables you to
analyze and document the mechanical
condition of rotating machinery and
troubleshoot machine malfunctions. The
information received from the ADRE also
can be used to balance machines, deter-
mine mechanical impedances and multi-
pie resonances, and assist with stability
studies.

Transient dynamic vibration data col-
lected during startup and shutdown is
presented in Bode;, polar, and cascade
plots. These plots provide insight rote
the rotating system's margin of stability
and reveal synchronous, sub-, and
super-synchronous vibration
components.

Steady-state dynamic vibration data is
presented in orbit, time base, and com-
parative spectrum plots. This informa-
tion can be used to examine magnitude,
frequency, phase angle, and the shape
or path of dynamic motion as well as to
track change in spectral content oveE a
period of time.

ADRE is available in a variety of hard-
ware and software options to meet your
machinery information needs and
budget requirements. The hardware
consists of a choice of two Hewlett-
Packard (HP) computers, a Bently
Nevada Digital Vector Filter (DVF 2), ano
a spectrum analyzer. Recommended
additional hardware includes a multi-
channel FM tape recorder and a Re-
corder Amplifier System.

Software packages for machine
analysis

The heart of the ADRE system is soft-
ware. Developed by Bently Nevada's
engineering staff from years of field
experience, the s._ftware is tailored for
efficient behavior analysis and
diagnosis.

Five software packages are available.
Transient. Steady-State, Shaft Center-
line, and Hardware Diagnostics soft

L
.L l!lllllllllllllllllillllllll
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Hewlett-Packard computer with Bently Nevada software
Digital Vector Filter 2 (top)

Spectrum Analyzer (bottom)

II I I I II I I I

ware packages are supplied as standard
components of the ADRE system. An
additional package -- Snapshot Predic-
tive Maintenance - is available as an

option and requires additional memory
and hardware.

Designed for personnel with minimal
computer training, the ADRE software
packages are easy to use. Operator input
prompts written in simple English make
program execution quick and easy.

Transient package
The Transient package enables you to

acquire data for identifying rotor and
structural resonances and their amplifi-
cation factors, instabilities, misalign-
merit, rubs, and other malfunctions.
Data is plotted in polar, Bode_,or cascade
formats or in tabular listings.

Steady-State package
The Steady-State package gives you

information on the on-line condition of

your machinery at operating speed.
Data can be plotted in orbit, time base,
or comparative spectrum formats.

Sh._ft Centerline package
The Shaft Centerhne package pro-

vides information that can be used to

determine the margin of stability on
rotating machinery and the position of
the shaft within its bearing. It also can
be used to identify thin-film oil thick-
ness, bearing wear, and the presence of

shaft preloads. Data can be plotted as a
function of machine speed or elapsed
time.

Hardware Diagnostics package
The Hardware Diagnostics package

makes it possible to diagnose potential
ADRE hardware failures. A series of

diagnostic programs allows you to test
and verify the correct operation of the
instruments and peripheral devices in
theADRE system. The program ensures
that all hardware is connected and oper-
ating properly.

Snapshot Predictive Maintenance (PM)
package

The optional Snapshot PM package,
used in conjunction with Bently
Nevada's Snapshot," reduces, stores,
and plots data for a large number of
machine points. This capability enables
you to increase the number of machines
in your vibration monitoring or predictwe
maintenance program. Information is
presented in trend, spectrum, and time
base plots.

The software package requires addi-
tional memory. The Snapshot system,
when used with the ADRE computer,
does not require a DVF 2 or spectrum
analyzer for data collection and
reduction.

For more details on the Snapshot PM
package and the Snapshot system see
data sheets L0546 and L0559.

BENTLYNEVADA
BLACK
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Software packages operate on the

specified computers when they are
accompanied by specific hardware and a
specific operating system. No claims to
software compatibility are expressed or
implied for any other computer, hard-
ware, or operating system revision. Call
your Bently Nevada representative for
details of computer requirements.

Hardware
Two hardware system models, using

the HP Series 200 computer, are
available.

The Model 10 system uses the HP
Series 200 Model 16S computer.

The Model 10 system consists of:
= Hewlett-Packard Series 200 Model

16S computer with a nine-inch CRT,
HP-IB and RS-232 interfaces, RAM
BASIC with extensions, and 512

Kbytes of RAM.
• Dual 31/2-inch microfloppy disk

drive.
• Thermal graphics line printer.
• Bently Nevada DVF 2 with carrying

case.
• Spectrum analyzer with carrying

case.
• Bently Nevada Transient, Steady-

State, Shaft Centerline, and Hard-
ware Diagnostics software

packages.

The Model 30 system uses an HP Series
200 Model 36CS computer.

The Model 30 system consists of:

• HP Series 200 Model 36CS with a
12-inch color CRT; an HP-IB inter-
face; bu!lt-in, dual 51/4-inch mi-
crofloppy disk drives; RAM BASIC
with extensions and RAM Pascal
language systems and 540 Kbytes
of RAM.

• Thermal graphics line printer.

• Bently Nevada DVF 2 with carrying
case.

• Spectrum analyzer with carrying
case.

• Bently Nevada Transient, Steady-
State, Shaft Centerline, and Hard-
ware Diagnostics software
packages,

ADRE

Specifications

INPUTS

Power: 90-125 Vac or 180-250 Vac, 48-66
Hz.

Consumption:

Model 10:80 Watts.

Model 30:300 Watts.

OUTPUTS

Display:

Model 10: 9-inch diagonal {229 mm).

Model 30: 12.2-inch diagonal (309 ram).

STORAGE

Capacity ([VtassStorage): 540 Kbytes.

Data Sheet Number: L0453.

The heart of the ADRE is software. Developed by Bantly Nevada's engineering staff from years
of field experience, the software is tailored for efficient behavior analysis and diagnosis.

t
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+ tl_-_,+ Ordering Information D _iZ Software Option B [7 Peripheral Device Option

!_-" Model 10 Ordering ADRE software requires 0 Standard offering
• assistance from your Bently Nevada 1 Without standard printersales representative. The following

__._ !" _ A B C D software packages are available: C E" Instrumentation Options
!"-._ _. 44163 - _-t ;- r_-- £-_; • Steady-State Package O Standard offering
_+._i Option Description 1 Without standard DVF 2

" '_ . Shaft Centerline Package
i_:_;'__ A Computer Option • Transient Package 2 Without standard spectrum analyzer
_i I + B Peripheral Device Option 3 Without DVF 2 and spectrum

_,. C Instrumentation Option • Snapshot Predictive Maintenance analyzert_ D Software Option (PM) Package
;' • Hardware Diagnostics Package D _ Software Option

;,,;_ A _-_ Computer Option Ordering ADRE software requires

p i+- 10 Standard offering Model 30 assistance from your 8ently NevadaI 11 With ROM BASIC sales representative. The following

_id 12 With HP 9836 A B C D software packages are available:Keyboard
13 With ROM BASIC and HP 9836 44165 -L-J_-[_-E;-_.___i • Steady*State Package

I' Keyboard Option Description • Shaft Centerline Package

I+ B -" Peripheral Device Option A Computer Option • Transient Package

0 Standard offering B Peripheral Device Option • Snapshot Predictive Maintenance

i 1 Without standard printer C instrumentation Option (PM) Package2 Without standard disk drive D Software Option • Hardware Diagnostics Package

3 Without standard printer and standard A '_ Computer Optiondisk drive 10 Standard offering

] C ,Z; Instrumentation Option 11 With ROM BASIC0 Standard offering
! • 1 Without standard DVF 2 12 Without color CRT

13 With ROM BASIC and without color
2 Without standard spectrum analyzer CRT
3 Without DVF 2 and spectrum analyzer

'i
I

I
I

Bode j Polar Filtered Orbit

I'_,;-.......:_. _.,... .. / ......';_...::..!_t
[..._... ;_ ....:-:.\.-..,(_,:...-::.._.,. :/
_..:-:_-..::... :.-.:.:.._.::,:.:...:.:.,_ ::

/.,, _..:': -....... " _I_._i__.i£t.;i:;,i_i:.i . •...,.__,I
t../ i. :',._/:...ii'.,. /:.. I

i_ _ ' " Time Bile Spectrum

.. +. ". . .° . • m¢4¢ +,

i , .....................................•-._,_ / ....":,.:........:....•.....:..._:'_'

1 Cascade Spectrum Dynamic Trend "_'_' _Shs_ Cl°ni:dln_l" .

I The heart of the ADRE is software. Developed by Bantiy Nevado's for efficient behavior analysis and diagnosis. The software packagesl ongineering staff from years of field experience, the software I= tailored require minimal computer training to operate and Ire easy to use.
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'; OF POOR QUALITY



L

!

L

t

{

1

i

L

L

!

J

24000 Digital Vector Filter 2
Technical/Ordering Information

I III I I

In-place diagnostic and balancing
data for rotating machinery

The Digital Vector Filter 2 (DVF 2)
gives you amplitude, phase, and speed
data for diagnosing, balancing, and
detecting shaft cracks on all types
of rotating machinery.

Two versions of the DVF 2 are availa-
ble. One version processes V2X, 1X,
and 2X rotative speed signals.

The second version processes 1 X,
2X, 3X, and 4X rotative speed data.
The ability to analyze 1 X, 2X, 3X, and
4X rotative speed data is vital for de-
tecting and diagnosing shaft cracks on
turbine generators and other rotating
machinery.

The DVF 2 can be interfaced with a
computer, such as Bently Nevada's
ADRE ® (Automated Diagnostics for
Rotating Equipment) system, via its IEEE
488 computer interface. When used
with the ADRE, data can be presented in
Bod_, polar, cascade, orbit, time base,
and comparative spectrum plots.

Applications for the DVF 2
The ability to accurately measure

amplitude, phase, and speed data helps
answer the questions: What is happen-
ing on the machine, when, where, and
how? This information can be used on
steam, gas, or hydroelectric turbines;
electric motors; centrifugal, reciprocat-
ing, or screw compressors; generators;
pumps; and fans for some of the follow-
ing applications:

• Detecting and diagnosing shaft
cracks, using data on the 1X, 2X,
3X, and 4X rotative speed behavior
of turbine generators and other
rotating machinery.

• Determining the balance condition
of a machine and locating the resid-
ual unbalances on a rotor.

• Determining the rpm location of the
natural rotor balance resonances,
or "criticals," on a machine.

• Estabtishin0 the machine response
for documenting acceptance tests
and for evaluating and diagnosing
current and future machine
behavior.

The DVF 2 provides two continuous
channels of amplitude and phase data,
which is filtered at running speed, and
one channel of speed data.

Triggering signals from a Keyphasor _
and signals from proximity, velocity, or
acceleration transducers are converted
by the digital circuitry in the DVF 2 to
display rotor rpm, vibration amplitude,
and phase angle.

lmlmlim r .5
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Digital Vector Filter 2

Specifications

Power: 95-125 Vac or 190-250 Vac, rear
panel switch selectable. 50-60 Hz 1 phase.

Nominal power consumption: 100 watts.

Scale Factors:

Displacement: 200 or 100 mV/mil (8 or
4 V/mm) fixed. 100 to 1,000 mV/mil
(4 to 40 mV/mm) variable.

Velocity: 100 to 1,O00 mV/inch/second
(4 to 40 mV/mm/second) variable.

Acceleration: 100 to 1,000 mV/G (10 to
100 mV/M/second 2)variable.

Input Impedance: 1.1 M ohms minimum at
AC signal frequencies; 2.4 M ohms at
DC signal frequencies.

Scale Factors:

Displacement: 200 mV/mil (8V/mm) or
100 mV/mil (4 V/ram) for fixed input of
200 mV/mil or 100 mV/mil respectively.
For variable input scale factors, an out-
put of 200 mV/mil is standard,

Velocity: 500 mV/inch/second (20 mV/
ram/second).

Acceleration: 100 mV/G
(10 mV/M/second2).

Output impedance: 100 ohms.

Manual Sweep Oscillator Ranges:

Low: 100-10,000 rpm.

High: 1,000-100,000 rpm.

Computer Interface: DVF 2 output data is
available through an IEEE 488 compatible
interface.

Threshold Range: ± 15 Vdc.

Hysteresis: 0.5V typical (internally adjustable
from 0.2 to 2.0V).

ORIGINAL PAGE

Temperature Range:

Operating: 0 °C to + 65 oC (+ 3 °2-,_F-to
+ 149 OF).

Storage: -40oc to +85°C (-4OOF to
+ 185 °F).

Humidity: To 95% noncondensing.

BLACK AND WHITE PHOTOGRAPh'
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Ordering Information
Ben©h Mounted Rack Mounted Digital Vector Filter 2

(inoludes handle) 1/=X, 1 X, and 2X Version

Height. 8 inches 8 inches
[203 ram) (203 ram] 24000 - CI3

Width 18 inches 19 inches rl-'l Mounting Option

(457 mm) (483 mm) 01 Bench Mount (includes case).
02 19-inch EIA Rack Mount.

Depth 18 7/8 inches 18 7/8 inches
(479 mm) (479 mm)

Weight:

DVF: 33 pounds (15 kg) nominal.

Case: 28.5 pounds (12.9 kg) nominal.

Digital Vector Filter 2

1X, 2X, 3X, and 4X Version

24000 - r-N

i-1-1 Mounting Option
03 Bench Mount (includes case).

04 19-inch EIA Rack Mount.

• 1

The DVF 2 enables you to accurately measure amplitude, phase, and locating the residual unbalances on a rotor, and diagnosing shift cracks

speed for determining the bulence condition of rotating machinery, end other machine malfunctions.

L6004 (8/86) Data Subject to Change
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Digital Vector Filter 3

_ii Technical/Ordering Information
i I

_ The solution for balancing anddiagnosing rotating machinery ORIGINAL PAGE

problems at a competitive price BLACK AND WHITE PHOTOGRAPH

-___ The Digital Vector Filter 3 (DVF 3)provides amplitude, phase, and shaft
rotative speed data for detailed vibration
analysis including balancing, rotor

'-,lr_ response evaluation and shaft crack
detection on all types of rotating ma-
chinery. The instrument's primary appli-
cation is for documentation of vibration

-. data during machine transient (runup
__,! and coastdown) and steady-state
L (constant speed) conditions.

The DVF 3 accommodates two signal
inputs for vibration transducers and a

_ third for a KeyphasoP transducer. Vibra-tion inputs can be from either displace-
ment (proximity), velocity, or
acceleration transducers. The Keyphasor

_ input represents a once-per-revolution tpulse from either a proximity probe, an
optical pickup, or a strobe light. This
provides the measurement of shaft Digital Vector Filter 3

f_i rotative speed, and the reference pointfor measuring phase lag angle` It also i , _ il i i i i i
provides a trigger signal to tune the _,
tracking filter in each vibration channel programmed to produce high quality * Manual (coarse/fine} tuning to

to shaft rotativa speed. Bode and polar plots on-slte w=th the pinpoint frequencies of interest.The instrument provides excellent accessory digital plotter(s). These plots

_ reliability and outstanding performance can be generated "real-time", or, full Other Features i
- in a rugged, lightweight package. Its size blank paper (91/2 x 11 in. or A4) i_

I __--__. alphanumeric display and menu-driven with full annotation. Keyphasor error indication appears
setup make the instrument easy to Alternatively, the accessory DVF 3 when:

_i_ operate. It provides the information software package may be used to pro- • Shaft rotative speed is outside the

accuracy required to make sound deci- duce these plots on an IBM AT or corn- operating range (50 to 100,000

i;' sions regarding machine condition. The patible computer. See DVF 3 Storage rpm)
_, DVF 3 can be ordered in several pack- and Plotting Application Software prod- • Consecutive Keyphasor pulses
-,_._:'_ ages, which enables you to select the uct data oheet L6030. (shaft rotative speed measure-

components best suited for your spe- Bod_; and polar plots are useful for ments) vary more than 12.5%

cific applications without the expendi- evaluating vibration response d_=ring • Trigger threshold is set too low or

i ture for unnecessary functions, machine transient conditions. These high.... plots reveal balance resonances (critical Peak Hold stores the maximum vector '
Easy-to-use functional features speeds), synchronous amplification (for both channels) since the last time

factors, and other characteristics for

i_ The DVF 3's streamlined design incor- evaluating machine condition, the memory was reset; a useful feature i' porates the features our customers for identification of peak amplitudes

have found most useful from years of Sweep Frequency Plots from transient data. _experience and adds new features Variable Transducer Input scale fac-
• which assist in solving today's machin- For machinery operation under tore (0.1 to 9999.9 millivolts per engi-

_ ery problems, steady-state conditions the DVF 3 will nearing unit) allow connection of 'Two channels are simultaneously produ a sweep frequency spectrum virtually all available proximity, velocity '_
displayed on the large, highly visible plots...requency analysis provides and acceleration transducers. Scale i
readout, showing vibration amplitude, useful additional information for corn- factors between input and output are

phase angle, and shaft rotative speed, plate evaluation of machinery vibration equal, providing convenient interface "The display also shows status of instru- characteristics, with other _tiagnostic instruments.
merit setup parameters, such as filter Automatic $ignalsweep allows: Hold function freezes the display for !
mode and hold. • Frequency spectrum plotting within easy reading and interpretation of the

user-definer; start and end frequen- values; useful for identifying 1 X vectors !Bod_/Polar Plots cies. at a particular balancing speed. _j

• Frequency component search; Multiple Full Scale Ranges enhance _ _ '
L " " " ' "nstrument pauses at components he accuracy of measured variables and .,A GP IB interface is prowded fo_ i t

_,_'3 connection to a co.m.puter or directly to above a user-defined amplitude make the instrument extremely useful _=
one or up to two d_g=tal plotters dependB_'_, . " threshold, for a variety of applications.
ing on tl_e type of DVF 3. The DVF 3is

tel BENTLY/P_ P.O BOX157 • MINDEN NEVAOA USA 88423 • (702) 782.3611 '_:;

NEVADA _-"-- TELEX: 740098,3 BNC UC • FAX: (702)782 9253 L;



II I

Signallntegretion from acceleration to
velocity or from velocity to displacement
is available independently on each
channel.

Metric or English Units can be used for
display of measured variables. Displace- .
ment values are shown in pk-pk units;
velocity and acceleration units can be
O-pk or RMS.

DC Gap Voltage measurements are
available for both channels. The high
resolution of this data allows the deter-

ruination of shaft average radial position
relative to the bearing clearance.

Ttiggerlng in Two Modes is possible. In
the AUTOMATIC mode, the threshold
level is determined by the DVF 3; ideal
for triggering on a noise-free Keyphasor
pulse. In the MANUAL mode, the thresh-
old level is selected by the user, which
allows triggering on a poor quality
Keyphasor pulse In addition, the manual
mode allows Keyphasor indexing. The
index function identifies the location of
the Keyphasor reference mark when
visual observation is impossible. Index-
ing, indicated by an asterisk on the dis-
play, is performed on the negative slope
of the Keyphasor pulse, which for a
notch, relates to the leading edge, and
for a projection or optical pickup, tee
trailing edge.

Amplitude Over/Underrange conditions
are indicated on the display to ensur =.
data integrity.

Tracking Filter Bandwidth is selectable
between 12 and 120 cpm to provide
accurate measurements for low an_ high
speed applications.

Filtered 1/2X, 1X and 2X signal
outputs are available. These dynam=c
signals may be used for display on an
oscilloscope (e.g. for filtered orbits) or
connected to other diagnostic
instruments.

Slow Roll Compensation is provided in
order to eliminate the effects of shaft
runout. The runout vectors may be
stored automatically wuth the rotor at
slow roll speed, or the previously docu-
mented vectors can be entered manually.

Coaxial Connectors on the front and

rear panel inputs and outputs provide a
reliable interface for transducers and
other instruments.

Useful for a Wide Variety of
Applications

The extended operating range of the
DVF 3 (50 to 100,000 rpm) allows it to
be used on virtually all types of rotating
machinery.

• Steam, gas, and hydroelectric
turbines

• Electric motors and generators

Digital Vector Filter 3

COMPANY=......
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Bode Plot

• Centrifugal, reciprocating, and
screw compressors

• Vertical and horizontal pumps
• Gearboxes

• Fans and blowers

• Centrifuges

• Paper machine rollers

• Propulsion systems

Using the DVF 3 for balancing

The DVF 3 is ideal for balancing rotat-
ing machinery due to it's ability to track
the 1X vibration response of the ma-
chine. The 1X vector on each channel

can be slow roll compensated for shaft
runout effects to display the true lX
dynamic motion. The slow roll compen-
sation vectors can be automatically

sampled or manually entered by the
user. The HOLD function enables the
user to freeze the displayed data for
easy interpretation at the balancing
speed.

The Fneld Balancing Package option
provides a programmable handheld
HP 41 CV calculator and Bently Nevada
software for multiplane balancing solu-
tions, up to four planes.

Using the DVF 3 for REAL TIME
Bod_ and Polar Plotting.

The DVF 3 and the accessory digital
plotter(s) can produce Bod_ or polar
plots in "real time"; a useful feature for

the engineer faced with deciding
whether a machine start-up should con
tinue or not.
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Digital Vector Filter 3
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Polar Plot
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The polar plots are automatically

annotated with rpm tic marks at rotative

speed increments. This plot is extremely
useful for structural resonance and

mode shape identification, particularly

on balancing exercises where modal

consideration is required.

The Bode plot scaling is user-select-

able in terms of amplitude, rprn and

phase lag angle. This plot allows the

exact frequency of resonances to be

accurately determined. The damping

characteristics of a system resonance

can be evaluated by calculating synchro-

nous amplification factors from the

presented data.

Both the Bode and polar plots can be

made using the 1X or 2X vectors. The

2X plot is very useful in the detection of

shaft cracks where lateral stiffness asym-

metry due to a crack is to be evaluated.

Using the DVF 3 with a tape
recorder.

Multi-channel tape recording of a

startup or shutdown can be easily

reduced in the field into report-quality

Bode and polar plots for each channel•

The DVF 3 and its accessory plotter(s)

can produce these quality pl_:s from

blank (81/2x 11 inch orA4) c, eror

previously prepared graph paper. The

DVF 3 firmware is programmed to fully

label these plots. Plot correlation is

possible by replaying data from other

transducers or channels and plotting on

the same sheet. The multi-pen, multi-

color plotter(s) facilitates this feature•

Using the DVF 3 for Pre- and
Post-Maintenance checks.

When a long running machine i,_ being

I i

I II I Ill II I I t I I

shutdown for planned maintenance, the

DVF 3, digital plotter(s) and a tape

recorder can be used to provide quick

documentation of the transient charac-

teristics during shutdown. This data can
be used either as a baseline transient

response curve or compared with the

last response curve plotted for that

machine. Indications of changes in

balance condition, system dynamic

stiffness and damping effects can be

quickly pinpointed using such methods.

Plots generated from shutdown data

can be compared to those made during

startup in order to evaluate the effects

of any maintenance performed on the

machine during shutdown. In addition,

the post-maintenance transien: re-

sponse can be used as a reference for

the next scheduled maintenance.

Using the DVF 3 for Acceptance
Testing.

A typical acceptance test may include

the documentation of measured balance

resonances, calculation of synchronous

amplification factors ((3), shaft mode

shapes and frequency spectra. It may

also call for casing measurements

which are specified in either O-to-peak
or RMS units. The DVF 3 and its

accessories can document and display

all of this informatien, making it an ideal
test stand instrument.

Using the DVF 3 with Low

Speed Machinery.

The tracking filters on the DVF 3 can

operate down to 50 rpm, making the

instrument useful for low speed applica-

tions. Hydroturbines and cooling tower

fans can be balanced accurately using

1X vector information. The 12 cpm

bandwidth selection is useful for low

speed applications.

The low speed DVF 3 response is also

useful for measuring shaft runout at

slow roll speeds for eliminating runout

effects from subsequent vibration data
and detection of shaft cracks.

Using the DVF 3 with the
ADRE II System.

The DVF 3 can be used in place of the

DVF 2 with the ADRE II system. When

DVF 3 is used with :he ADRE II system,

one additional useful feature is the

ability to manually er,ter slow roll com-

pensation vectors at the instrument's

front panel. This eliminates having to

sample real slow roll data from _pe

recordings before cornpensat=on can be

performed on any plot.

!
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Specifications

The following specifications are
intended to provide basic information
only.

Specifications provided are at 73 °F

(23 °C) with a sine wave input, at input
scale factor greater than 3 mV/mil and
with a full scale setting of 10 mils.
Where required, input signal level is the
full scale selection. Specifications given
are for a shaft rotative speed of 3600
rpm and with the tracking filter set for
12 cpm bandwidth.

Power: 90-132 Vac or 180-264 Vac,
(switch selectable), 47 to 63 Hz,
1 phase. Nominal power consumption
30 Watts.

Vibration Signals:

Sensitivity: Selectable in 0.1 mV per
engineering unit increments from
0.1 to 9,999.9 mVtunit.

Range: From one to six full scale ranges
are available depending on sensitivity
and units selected. For example 2, 5,
10, 20 and 50 rail ranges are available
with an input sensitivity of 200 mV/
rail.

Probe Gap Voltage: ± 25 Vdc.

Impedance: 1 MQ.

Keyphasor Signal:

Input impedance: 100 k_.

Transducer: 7200, 7000 or 3000
series transducer system, optical
pickup, or stroboscope; one event
per shaft revolution.

Threshold range: ± 18 Vdc.

Hysteresis: Factory set at 0.5 volts.
internally adjustable for 0.2, 0.5 and
1.5 volts.

Display Accuracy: Input to front panel
display

Amplitude (non-integrating):

Direct Mode: pk-pk and O-pk; within
+ 2.9%, -3.2% (maximum).

RMS Mode: Within + 2.8%, -3.1%
(maximum).

Filtered Mode: Within + 2.0%,
-2.4% (maximum).

Phase:

Filtered Mode: Within +0.6%,
-2.1% (maximum).

Digital Vector Filter 3

COMPANY: _.

PLANT: _.

MACHINE TRAIN: __ . XOCR ID:_

DATE:_ STATE: Sweep

4,o0

i_=.oo

t

... , .... , . . _. 'L" ,o
BENTLYNEVADA_ DVF 3

Sweep Frequency Plot

Output Accuracy:

Input to front/rear outputs
Amplitude:

Direct Mode: Within + 1.3%,
- 1.7%.

Filtered Mode: Within + 4.9%,
-5.3%.

Phase:

Direct Mode: Within + 0.2 % - 1.3 o.

Filtered Mode: 1X phase shift within
+2.1 o, _3.6 o.

RPM:

50 to 3600 rpm: Within ± 1 rpm

3601 to 10,000 rpm: Within ± 3
rpm

10,001 to 25,000 rpm: Within
± 20 rprn

25,001 to 99,900 rpm: Within ± 100
rpm

Probe Gap Voltages:

Accuracy: ± 1.5%.
Resolution:

Range Resolution

-25.0 Vdc to -10.0 Vdc

-9.99 Vdc to + 9.99 Vdc

0.1 Vdc

O.Ol Vdc

+ lO.OVdc to +25.0 Vdc 0.1Vdc

Trigger Signal:

Impedance: 220 Q.

Drive Capacity: 1 TTL load.

Integration:

0 dB frequencies:

Velocity: 63.9 Hz ± 1.1 Hz.

Acceleration: 305 Hz ± 5.0 Hz.

Amplitude: Within + 1.5%, - 2.5%
of input signal in addition to vibra-
tion measurement deviation.

Output Signal Scale Factors:

Velocity to Displacement: 0.4 times
the input scale factor, ± 1.6%.

Example: Input ¢;f 500 ,'nV_Yn/s
provides output of 200 m Vim/I,
+1.6%.

Acceleration to Velocity: 5.0 times
the input scale factor, ± 1.4%.

Example: Input of 100 m V/g pro-
vides output of 500 m V/in/s,
± 1.4%.

Filter:

Bandwidths:

120 :t: 10 cpm (2.0 Hz).

12 + 1 cpm (0.2 Hz).

Response Time to 99% of Final
Value:

120 cpm: 0.65 second.

12 cpm: 7.30 seconds.

/Vote:Add O.4 secondfor HMSmeasurements

Signal Frequency Sweep:

Range: 100 ( ± 2.0) cpm to 99,900
(± 100) cpm.

increments: 25 cpm increments.

Operating Range: 50 rpm to 99,900
rpm.

The DVF 3 is equipped with a GP-IB and
an ADRE II interface.

t
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Temperature Range:

Operating: + 32 °F to _ 122 °F
(O°C to +50°C).

Storage: -40°F to + 185°F
(-40 oC to + 85 °C).

Relative Humidity: Up to 90%, noncon-
densing.

CSA: Certified safe for general purpose
use in laboratory environments.

Width: 17.40 in. (440 mm).

Depth: 17.25 in. (430 mm).

Height: 5.18 in. (130 mm).

Weight: 22 Ibs. (10 kg).
Rack mountable (19 inches - 482.6

mm) with optional EIA-r_ck=-mount kit

Ordering Information
The DVF 3 and commonly-used

accessories comprise the DVF 3 Field
Packages. You can design your package
by using the accessories list for
maximum flexibility.

81496-01
Includes:

1 DVF3

1 DVF 3

1 Digital

1 Set of

Type 77581-01

soft carrying case

plotter

interconnect cables

81496-02
Includes:

1 DVF 3 Type 77581-02 Z_

1 DVF 3 soft carrying case

2 Digital plotters

1 Set of interconnect cables

82246-01
Includes:

1 HP-41 CV calculator with card
reader and printer

1 HP Infraied printer with interface
module

1 Bently Nevada Multiplane Balancing
software package (4-plane
maximum)

User Selection: Abbreviation:

mils peak-to-peak ......................................... (rail pp)

micrometres peak-to-peak ................................... (ktm pp)

inches per second peak ..................................... (in,'s pk)

inches per second rms ..................................... (in/s rms)

millimetres per second peak ................................ (mm/s pk)

millimetres per second rms ................................ (mm/s rms)

velocity integrated to displacement in mils peak-to-peak ............. (int mil pp)

velocity integrated to displacement in micrometres peak-to-peak ....... (int IJm pp)

g's peak ................................................ (g pk)

g's rms ................................................ (grms)

metres per second per second peak ............................ (m/ss pk)

metres per second per second rms ............................ (m/ss rms)

acceleration integrated to velocity in inches per second peak .......... (int in/s pk)

acceleration integrated to velocity in inches per second rms .......... (int in/s rms)

acceleration integrated to velocity in millimetres per second peak ..... (int mm/s pk)

acceleration integrated to velocity in millimetres per second rms ..... (int mm/s rms)

I I
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82705-01
Includes:

1 Proximitor "_ panel.

4 Proximity probes and cables.

2 Velocity transducers and mounting
accessories.

1 Optical Keyphasor 'i; and mounting
accessories.

Co-axial to Banana adapters.

Co-axial cables

Banana cables

1 TK15 Keyphasor Conditioner/Power
Supply.

2 Manuals

1 Hard carrying case.

77581-01 DVF3
77581-02 DVF 3/_k

79981-01 DVF 3 test cable kit

76285-01 DVF 3 hard transit case

78858-01 DVF 3 soft carrying case

75237-O1 DVF 3 rack-mount kit

82292-01 DVF 3 Users Guide

02198937

83194-01

DVF 3 power cord

DVF 3 Storage and Plotting
Application Software/_

02290871 Tektronix HCIO0 digital
plotterA

04160166 HC10O Hard carry case

02290003 HP-I8 Computer Interface
card

02260372 HP-IB Cable

02290381 HP 7440A digital plotter
9200-09-01-01 Velocity transducer/_

80705-02 Velocity interconnect cable,
6 ft (2 m)

16707-01 Adapter (3 to 2 wire) ,_

46000-01 Super Mag 100 magnetic
base

7989-01 Extension rod, for use with
9200 velocity transducer

10798-03 Optical pickup

20545-25 Optical pickup cable (25ft)

20211-05 Optical pickup mounting
package (Includes: locking
pliers, magnetic base,
gooseneck transducer
holder)

81769-01 Reflective tape roll

02290947 HP 41 CV programmable
calculator

I I II I
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